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ABSTRACT 
Biodiversity is declining globally and one of the primary drivers is agricultural 
intensification.  Conservation and restoration of biodiversity in agricultural ecosystems is going 
to rely on the enhancement of uncultivated land such as grasslands.  The majority of grasslands 
within agricultural ecosystems have been degraded and now consist of a mix of native and exotic 
plant species.  These altered grasslands have been categorized as novel grasslands because they 
are composed of plant species from around the globe that have little history of evolutionary 
interaction.  Further research is needed to understand the utility of these novel grasslands for the 
conservation and restoration of wildlife in agro-ecosystems.  This dissertation provides results 
from studies on butterfly and other insect groups, as well as floral resources, in grasslands typical 
of agro-ecosystems in the tallgrass prairie ecoregion.  We report: 1) the diversity of one group of 
insects (based on either species richness or composition) did not predict any of the other insect 
taxa (ants, butterflies, or leaf beetles) in grasslands representing a spectrum in vegetation quality 
with different management regimes, but insect species composition correlated with composition 
of vegetation for the two phytophagous insect groups (butterflies and leaf beetles), 2) over seven 
years of fire and grazing treatments on novel grasslands the butterfly communities became more 
similar to native prairies, as did the composition of plant functional groups, indicating that 
restoration of historic ecological processes to novel grasslands may lead to butterfly communities 
and plant functional group compositions that better mimic historical systems, 3) a treatment 
employing heterogeneous application of fire and grazing (patch-burn grazing) did result in 
increased habitat heterogeneity (compared to a treatment that employed a homogenous fire and 
grazing regime), but did not translate to greater diversity of butterflies, and 4) novel grasslands, 
reconstructed prairies, and native prairies differed in their seasonal floral resource availability in 
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a variety of ways.  This research highlights the importance of considering the potential worth, 
and need for further research of, novel grasslands for the conservation and restoration of 
biodiversity in agro-ecosystems.  
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CHAPTER 1: GENERAL INTRODUCTION 
The decline of the tallgrass prairie since the early 19th century has been estimated at 82-99%, 
which is the greatest reported loss of any of the major North American ecosystems (Samson and 
Knopf 1994).  The primary cause of this loss was the conversion of prairie for agricultural 
production (Mutel 2008).  The remaining grasslands in the Midwestern United States are 
threatened even today by the intensification of agricultural practices (Wright and Wimberly 
2013).  Agricultural intensification is occurring globally (Foley et al. 2011), leading to declines 
in biodiversity (Green et al. 2005, Donald et al. 2006, Potts et al. 2010).  The development of 
multifunctional systems that sustainably integrate both conservation and agricultural practices 
may be our best hope for bolstering agro-ecosystems and mitigating further losses of biodiversity 
(Norris 2008, Baudron and Giller 2014). 
Uncultivated land such as grasslands are an important component of agro-ecosystems 
because they provide essential ecosystem services, including water quality, soil conservation, 
and wildlife habitat (Duelli and Obrist 2003, Weibull and Östman 2003, Morandin and Winston 
2006).  Pollinators are one of the most integral components of agro-ecosystems and benefit by 
the resources provided in grasslands (Klein et al. 2007).  Programs such as the Conservation 
Reserve Program (FSA 2014) offer monetary compensation to farmers who take cultivated land 
out of production.  These programs have the potential to enhance ecosystem services and provide 
habitat for wildlife species (Dunn et al. 1993), including pollinators (Decourtye et al. 2010).  
Similarly, programs that improve management of grazing systems, such as the Conservation of 
Private Grazing Land initiative (NRCS 2003), may also benefit wildlife species.  However, it is 
currently unclear exactly how these various types of grasslands may be contributing to the 
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conservation and restoration of wildlife, particularly with respect to pollinators and other insect 
taxa. 
The majority of grasslands within Midwestern agro-ecosystems could be characterized as 
novel ecosystems, or more specifically novel grasslands, because they are composed of a mix of 
both native and exotic species (Hobbs et al. 2006, Wilsey et al. 2009, Morse et al. 2014).  
Despite their pervasiveness in agro-ecosystems, research on novel grasslands, like all novel 
ecosystems, is still in its infancy (Morse et al. 2014).  Studies contrasting novel and native 
grasslands have identified differences in terms of biodiversity, phenology, photosynthetic mode, 
productivity, and ecosystem services (Wilsey et al. 2009, 2011, Isbell and Wilsey 2011, Martin 
et al. 2014).  However, much of the research that has been conducted within the novel grassland 
framework has focused on plant or abiotic differences between novel and native systems (but see 
Martin et al. 2014).   
In contrast, most of our knowledge of pollinator conservation in the tallgrass prairie 
ecoregion comes from studies conducted on remnant and reconstructed prairies that have a high 
proportion of native plant species (Swengel 1998, Ries et al. 2001, Shepherd and Debinski 2005, 
Swengel and Swengel 2007, Vogel et al. 2007, 2010, Davis et al. 2008, Swengel et al. 2011, 
2011), and this is also true of insects in general (Panzer and Schwartz 2000, Bomar 2001, Panzer 
2002, Larsen and Work 2003, Summerville et al. 2007, Nemec and Bragg 2008).  Only a handful 
of studies have been conducted on non-native grasslands such as old fields and degraded cattle 
pastures (Kwaiser and Hendrix 2008, Farhat et al. 2014, Martin et al. 2014).  Thus, further study 
on insects within novel grasslands is essential because of the pervasiveness of novel grasslands 
within agricultural systems and the essential roles insects play in those systems. 
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The tallgrass prairie ecosystem evolved in the context of two primary disturbance processes -  
fire and grazing (Axelrod 1985).  Fire is now a common tool for restoration and conservation of 
tallgrass prairie (Rowe 2010).  Grazing, however, is less commonly employed as a restoration 
tool for tallgrass prairie, especially east of the Missouri River (Williams 1997, Howe 1999, 
Rowe 2010).  Historically, fire and grazing would have worked in tandem, with large ungulate 
grazers following fire across the landscape because they preferentially graze in the recently 
burned areas (Vinton et al. 1993, Wilsey 1996, Archibald et al. 2005, Allred et al. 2011).  This 
phenomenon has been coined “pyric-herbivory” (Fuhlendorf et al. 2009) or the “magnet effect” 
(Archibald et al. 2005).   
One approach for restoring grasslands involves restoring this fire grazing interaction to 
increase habitat heterogeneity and biodiversity (Engle et al. 2008, Pillsbury et al. 2011, 
McGranahan et al. 2012b, Leis et al. 2013).  This approach, often referred to as patch-burn 
grazing, is becoming an increasingly popular management method (Rowe 2010).  However, less 
consideration has been given to testing the value of the pyric-herbivory model in novel 
grasslands (but see McGranahan et al. 2013).  Restoration involving the fire and grazing 
interaction is likely to be more complicated in novel grasslands.  For example, exotic species in 
the tallgrass prairie ecoregion have different phenological patterns than their native counterparts 
such as earlier green-up dates (Wilsey et al. 2011).  Earlier green-up dates of exotic plant species 
can interfere with the application of fire (McGranahan et al. 2012a).  For this reason, further 
investigation of the ecological responses to burning, grazing, and their interactions within novel 
grasslands are needed (Seastedt et al. 2008). 
Research in this dissertation considers multiple insect taxa and plants, but focuses primarily 
on butterflies.  Butterflies are one of the most commonly studied invertebrate taxa (Kristensen et 
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al. 2007), and have become a key group for biodiversity monitoring (Boggs et al. 2003).  
Butterflies have been proposed as a good indicator taxa because they are relatively easy to 
sample (often identified on the wing in the field), have short generation times, are very 
responsive to environmental changes, have tight associations with vegetation, and are popular 
with the public (Erhardt and Thomas 1991, New 1997, van Swaay et al. 2006, Brereton et al. 
2011).   However, the utility of butterflies as indicator taxa and the degree that butterflies might 
represent other insect groups is currently debated (Merckx et al. 2013).  The necessity of 
research on butterfly conservation and restoration is illustrated by recent declines in butterflies 
observed in Europe (Maes and Van Dyck 2001, Warren et al. 2001, Thomas et al. 2004, Wenzel 
et al. 2006), as well as the Midwestern United State (Swengel et al. 2011), and recently global 
declines have been summarized for Lepidoptera and invertebrates in general (Dirzo et al. 2014).  
Despite the bulk of research on butterflies, many questions deserve further study, particularly in 
the tallgrass prairie ecoregion where grassland degradation, homogenization, and fire 
management may lead to further butterfly and other pollinator declines.  
The research presented in this work was conducted in the Grand River Grasslands of Ringold 
County, Iowa, and Harrison County, Missouri (Figure 1).  The Grand River Grasslands region is 
>28,000 ha in size and the dominant land cover type is perennial grasslands, the majority of 
which are degraded and dominated with exotic plant species (TNC-Missouri 2012).  The Grand 
River Grasslands have been identified as one of the best opportunities to restore a functioning 
tallgrass prairie ecosystem within the eastern tallgrass prairie ecoregion (The Nature 
Conservancy 2008).   
The majority of the data used in this dissertation were collected in association with a research 
project established in 2006 to study heterogeneity based fire and grazing management (patch-
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burn grazing; Pillsbury et al. 2011).  Three treatments were established (Pillsbury et al. 2011) on 
tracts of land with variable land use histories (Debinski et al. 2011, McGranahan et al. 2014).  
These treatments included: 1) patch-burn graze, 2) graze-and-burn and 3) burn-only.   The patch-
burn graze treatment was designed to employ the pyric-herbivory model to increase habitat 
heterogeneity within tracts by burning one-third of a tract each year and stocking with cattle.  
The graze-and-burn treatment was managed homogenously with cattle grazing and burned every 
three years.  The burn-only treatment was burned every three years but not grazed, and 
represents the most common restoration practice for grasslands managed for conservation in the 
Midwestern region.  In the following chapters, study sites are referred to as tracts because both 
grazed and ungrazed study sites are employed.  In Chapter 4, where only grazed tracts are 
employed, study sites are referred to as pastures. 
Dissertation Organization 
The research presented in this dissertation focuses on grasslands within the context of 
agricultural systems. The integration of conservation and agriculture has been, and will become 
increasingly necessary for the long-term stability of agro-ecosystems and for the diversity of life 
on this planet.  It is also essential to sustaining the livelihood of rural communities.  In Chapter 2, 
I investigate cross-taxon congruence among three insect groups (ants, butterflies, and leaf 
beetles) and plant communities across grasslands that vary in quality from primarily native to 
those dominated by exotic species. In Chapter 3, I examine the response of butterfly composition 
and plant functional group composition to the restoration of historic disturbance processes 
(grazing and fire) in novel grasslands.  In Chapter 4, I consider the utility of habitat heterogeneity 
induced by the manipulation of spatio-temporal variability in cattle grazing through use of fire to 
benefit butterfly diversity in novel grasslands. In Chapter 5, I look for differences in the seasonal 
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availability of floral resources for pollinators among native, novel, and reconstructed grasslands 
throughout the growing season. Finally, in Chapter 6, I provide a summary of the key findings 
from the preceding chapters. 
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Figure 1: Map depicting location of study sites (red) used in the patch-burn grazing research 
project and the outline of the Grand River Grasslands (GRG) Conservation Opportunity Area 
(green).  Lands owned by the Iowa Department of Natural Resources (IADNR) are outlined in 
blue, and lands owned by the Missouri Department of Conservation (MDC) are outlined in aqua.  
Names of Wildlife Management Areas (WMA) and Natural Areas (NA) are also labeled for the 
IADNR and MDC lands.  The thick horizontal line represents the Iowa/Missouri state border and 
county borders are represented by the thinner black lines and names of counties are provided.  
US Interstate 35 is represented in purple. 
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CHAPTER 2. CROSS-TAXON CONGRUENCE FOUND 
BETWEEN PLANTS AND TWO PHYTOPHAGOUS INSECT 
TAXA IN GRASSLANDS OF THE MIDWESTERN UNITED 
STATES 
A paper to be submitted to Journal of Insect Conservation 
John T. Delaney, Diane M. Debinski, Dave M. Engle, Raymond A. Moranz, James R. Miller, 
Laura B. Winkler, Devan A. McGranahan, Robert J. Barney, and James C. Trager 
Abstract 
Biodiversity is declining globally.  In order to develop cost effective conservation 
strategies, it is paramount to understand whether certain taxa can serve as surrogates for other 
taxa.  Studies frequently assess correlations among different taxa to determine whether one group 
can serve as a surrogate for another.  Univariate measures such as species richness rarely 
correlate across taxa.  Multivariate techniques based on species composition have been proposed 
as a more appropriate way to measure cross-taxon congruence.  Here we test whether ants, leaf 
beetles, and butterflies exhibit cross-taxon congruence, based on richness and a multivariate 
measure of community dissimilarity (Bray-Curtis dissimilarity), in grasslands of southern 
Iowa/northern Missouri.  We also investigate each insect taxon’s association with vegetation in 
the form of overall plant species composition and plant functional group categories.  We found 
only weak non-significant relationships for cross-taxon congruence among insect groups in terms 
of both species richness and composition.  Both butterfly and leaf beetle composition correlated 
well with the composition of plant functional groups (r = 0.60, r = 0.46, respectively) while the 
ants did not (r = 0.04).  Interestingly, plant functional group cover was more highly correlated 
with butterfly composition than was overall plant species composition, and correlations with leaf 
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beetles were similar between composition of plant functional group cover and overall plant 
species composition.  Since significant positive correlations between plants and insects were 
only seen in the two taxa that have tight associations with plants, this research highlights the 
importance of considering which aspects of the environment are likely to influence the target 
taxon.  These results show great potential for management focused on manipulating plant species 
or functional group composition to benefit these and possibly other phytophagous insect groups. 
Introduction 
Globally, biodiversity is declining and this trajectory shows no signs of changing 
(Butchart et al. 2010).  Biodiversity maintenance and promotion is of particular importance in 
human dominated landscapes such as agro-ecosystems where agricultural intensification 
threatens biodiversity (Green et al. 2005).  Insects are vital to the maintenance of ecological 
processes such as nutrient cycling, pollination, and pest control in both natural and agricultural 
systems (Losey and Vaughan 2006).  However, because they are so diverse, identification of 
many insect taxa is a difficult and costly process.  Thus, identifying whether multiple insect 
groups are correlated with each other or with certain aspects of the environment is valuable for 
developing conservation actions focused on biodiversity (Prendergast et al. 1993, Gaston 2000, 
Lamoreux et al. 2006). 
The correlation among two or more taxonomic groups with respect to measures of 
diversity is referred to as cross-taxon congruence.  The most frequently employed measure is 
species richness, but other measures such as species composition and rarity also have been used 
(Prendergast et al. 1993, Prendergast and Eversham 1997, Su et al. 2004, Wolters et al. 2006, 
Lamoreux et al. 2006, Fattorini 2010).  Additionally, some studies have found improvement in 
congruence when distinguishing functional traits such as body size (Velghe and Gregory-Eaves 
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2013).  Although significant correlations between taxa measured by richness have been found in 
some studies, frequently correlations are weak or non-existent (Prendergast and Eversham 1997, 
Wolters et al. 2006).  For instance, a meta-analysis by Wolters et al. (2006) found significant 
positive correlations for only 35% of the comparisons of richness between two taxa, with the 
average correlation coefficient from all studies used in the meta-analysis being 0.37. 
Several studies have demonstrated superior patterns of cross-taxon congruence when 
investigating compositional relationships as compared to univariate measures of species richness 
(Su et al. 2004, Bilton et al. 2006, Shuey et al. 2012).  However, others have found less than 
encouraging results for both species richness and composition (Oertli et al. 2005, Heino et al. 
2009).  Composition may perform better than univariate measures based on richness and 
diversity because composition captures changes in individual species identities (Su et al. 2004).  
For example, two sites may have the same number of species but that same richness value could 
be represented by very different suites of species.   
Plant composition has been found to be a particularly good predictor of composition for 
various insect groups (Su et al. 2004, Schaffers et al. 2008, Maccherini et al. 2009, Gioria et al. 
2010, Shuey et al. 2012).  For instance, Schaffers et al. (2008) showed that composition was the 
best predictor for the seven arthropod groups (six of which were insect taxa) they investigated, 
outperforming environmental conditions, surrounding landscape, and physical vegetation 
structure.  Collecting detailed information on the entire plant community can be time consuming, 
however.  Sampling plant functional groups requires less effort than sampling individual plant 
species and therefore can result in greater sampling coverage of the area given the same number 
of person-hours.  Training researchers how to identify plant functional groups is also much easier 
than training to identifying all plants down to the species level.  Thus, it would be valuable to 
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know whether plant species composition or functional group composition is a better predictor of 
insect diversity. 
Because of ongoing human alterations of the natural landscape, understanding how cross-
taxon congruence relationships hold up in fragmented and altered landscapes is essential (Lund 
and Rahbek 2002, Oertli et al. 2005, Bennett et al. 2009, Keith et al. 2012, Shuey et al. 2012).  
Agro-ecosystems tend to be fragmented, include multiple land cover types, even monocultures, 
and the land parcels comprising these systems can represent a variety of management practices.  
Cross-taxon congruence relationships could be expected to be weakened when investigated 
across multiple land cover types with varying management techniques (Lund and Rahbek 2002).  
Here we test cross-taxonomic relationships among three insect groups (ants, butterflies, and leaf 
beetles), as well as their association with the composition of plant functional groups and overall 
plant species composition.  These data were previously used to test the responses of ants, 
butterflies, and leaf beetles to grassland management techniques.  In that assessment no 
significant treatment responses were found and there were inconsistent responses among insect 
groups to indicators of land-use legacies (Debinski et al. 2011).  The goal of this work was not to 
identify differences due to land-use legacies or treatments, but rather to test for cross-taxonomic 
congruence across multiple sites that were representative of grasslands in our region.  We 
predicted that species composition would be significantly correlated among the three insect taxa, 
but that congruence based upon species richness would be variable.  We also predicted that the 
composition of each of the three insect groups would be correlated with the composition of plant 
functional groups and plant species composition.   
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Methods 
Our study sites consisted of 12 tracts (research sites) that ranged in size from 15 to 34 ha, 
in the Grand River Grasslands of southern Iowa, and northern Missouri, USA (Pillsbury et al. 
2011).  The tracts were split evenly among three different treatments 1) patch-burn graze 
(burning only a portion of the tract with free access by cattle), 2) graze-and-burn (burning the 
entire tract with free access by cattle), and 3) burn-only (burning the entire tract with no grazing 
by cattle).  Tracts in the patch-burn graze treatment were delineated into three patches with one 
patch burned each year. Tracts in the other two treatments were also divided into three patches 
but burned on a three year rotation.  Thus, the fire return interval is the same among all patches 
in the project (three years).  In addition to the treatments, each of the tracts had variable land-use 
histories and different levels of degradation summarized by the percent of native cover and 
percent cover of tall fescue at the beginning of the experiment (Table 1).  We considered our 
study sites (including their variability) to be representative of lands used for conservation 
programs within our study region.   
Butterflies were sampled via a modified pollard walk method (Pollard 1977), twice per 
year (June to early July and mid-July to early August) from 2007-2009 (Debinski et al. 2011).  
Two 100 x 5 m transects were sampled within each patch, resulting in six transects per tract, and 
a total of 12 transect walks per year within each tract.  An observer walked a transect at a steady 
pace (~10 m/min) recording all butterflies that were seen within a 5x5 m area in front of the 
observer.  Butterflies were identified to species primarily on the wing.  If a specimen could not 
be identified they were captured and later identified in the field or the lab.  Surveys were 
conducted when sustained winds were below 16 km/hr, temperatures were between 21 °C and 35 
°C, and between 0930-1830 h. 
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Epigeic ants and leaf beetles were sampled via sweep net surveys (Debinski et al. 2011).  
It is important to note that sweep netting surveys for ants may not capture some ecologically 
important ant species such as hypogeic ants that forage in belowground tunnels.  Surveys were 
conducted within each tract twice per year (June to early July and mid-July to early August) from 
2007-2009.  50 m long transects were established parallel to the butterfly transects (each starting 
point 20 m apart).  Surveys were conducted between 0930-1830 h when sustained winds were 
below 16 km/hr, the sun was not obscured by clouds, and the temperature was between 21 °C-
35° C.  Researchers walked the 50 m transect at a steady pace, sweeping the net from side to side 
40 times, where one sweep includes the complete back and forth swing in both directions.  Only 
the northern-most transect samples within each patch were identified to species due to the high 
cost of insect identification.  A few of the leaf beetle samples were only able to be identified to 
the genus level but were counted as individual species in the analyses.   
Species-level plant data were collected at six modified Whittaker plots within each 
pasture, which were adjacent to butterfly and sweep net transects (McGranahan et al. 2012c).  
Canopy cover was sampled within ten 0.5 m2 quadrats indexed using the Daubenmire (1959) 
canopy cover index. Sampling occurred over two rounds annually (late May-early June and late 
July-early August), and cover was summarized for the entire season using the maximum canopy 
cover value for each species.  Functional group cover measurements were collected in mid-July 
each year using thirty 0.5 m2 quadrats per patch arranged along three patch-wide transects (set up 
to be more representative of the patch than insect transects or Whittaker plots), resulting in 90 
quadrats per tract (Pillsbury et al. 2011).  We used the following functional groups: warm-season 
grasses (C4), cool-season grasses (C3), non-leguminous forbs, leguminous forbs, woody plants 
and Schedonorus arundinaceus (tall fescue).  We separated out Schedonorus arundinaceus from 
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the other cool-season grasses because this was an invasive grass species that was very abundant 
on the majority of our research tracts (Table 1).  We estimated the percent cover of each 
functional group using the midpoints of the following intervals:  0–5, 6–25, 26–50, 51–75, 76–
95, and 96–100.  Functional group measurements were rough estimates designed to quickly 
sample plant functional group cover over a large area of our research tracts. 
For each year, total abundance (number of each species for ants, butterflies, and leaf 
beetles) of each insect group was summed across the two sampling replicates for each patch.  
Species abundances and richness values were then averaged across patches for each tract.  Plant 
species cover was summarized for the entire season by using the maximum canopy cover value 
for each species within each patch and then averaging across patches within a tract.  Plant 
functional group cover was summarized by averaging species cover across the 90 Daubenmire 
plots within a pasture.  For each of the taxonomic groups abundance, richness, and cover were 
then averaged among the three years for each site in order to be able to test for correlations in a 
model that would produce an interpretable R2 value (i.e. not a pseudo-R2 from a mixed-effects 
model). 
Univariate correlations were tested using the lm function in R (R Development Core 
Team 2010).  Congruence between composition of insect groups and plant composition was 
tested via Mantel tests, using the mantel function in the vegan package (Oksanen et al. 2011) in 
R.  The graph presented in this manuscript was constructed using the ggplot2 package (Wickham 
2009) in R. 
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Results and Discussion 
Over the three year study period we collected 5027 ants from 14 species, 1189 leaf 
beetles from 37 species, and observed a total of 1827 butterflies from 33 species.  When using 
species richness as the cross-taxon congruence measure, none of the insect groups were 
significantly correlated with each other (Table 2).  Although species richness is frequently used 
in cross-taxon congruence studies, the majority of studies using this metric do not find 
significant correlations among taxa.  For instance, Wolters et al. (2006) in a meta-analysis found 
that only around 35% of correlations in richness between taxa were significant.  This value could 
be even lower given the bias against publishing insignificant results (Jennions and Møller 2002).   
None of the three insect groups showed significant pairwise correlations when the metric 
of comparison was species composition (Table 3).  The correlation between composition of 
butterflies and leaf beetles showed the strongest relationship among insect taxa (p = 0.014, r = 
0.35), but it was not significant after Bonferroni correction for multiple tests (p = 0.05/12 = 
0.0042).  Ants showed weak relationships with both the butterflies and the leaf beetles (p = 
0.263, r = 0.09 and p = 0.04, r = 0.24 respectively).  These results were surprising.  We expected 
stronger correlations when comparing insect species composition because a number of studies 
have found improved correlations when comparing measures of insect species composition with 
insect species richness (Su et al. 2004, Bilton et al. 2006, Shuey et al. 2012).   
Two of the three insect taxa showed significant relationships with plant species or 
functional group composition (Table 3).  Butterflies were significantly correlated with plant 
functional group composition (p = 0.004, r = 0.60), and leaf beetles were significantly correlated 
with both overall plant species composition and plant functional group composition (p = 0.001, r 
= 0.49 and p = 0.003, r = 0.46 respectively; Table 3).  Canonical Correspondence Analysis 
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(CCA) diagrams graphically illustrate correlations between each plant functional group and 
species for each of the two insect taxa (Supplementary Figures 1 & 2).  Others have found 
correlations between plant species composition and butterflies (Su et al. 2004, Maccherini et al. 
2009, Santi et al. 2010) as well as moths (Shuey et al. 2012).  To our knowledge no one has 
previously studied the correlation between leaf beetle and plant composition.  Both of these 
relationships make sense given that butterflies and leaf beetles are tightly associated with plants 
during larval and adult life stages.  Similar to our results, Haddad et al. (2001) found a significant 
positive correlation between insect richness (total richness of all insects sampled via sweep nets) 
and plant functional group composition, and richness of insect herbivores and predators were 
both positively correlated with the richness of plant functional groups while parasitoids and 
detritivores were not.   
Ants did not show any significant correlations with plant species composition or plant 
functional group composition, but this may be explained by the fact that ants are less directly 
dependent on plants compared to butterflies or leaf beetles.  We are not the only investigators to 
find a lack of congruence between plant composition and ant composition (Englisch et al. 2005).  
Additionally, some studies have found significant positive correlation between ant and plant 
species richness (Sauberer et al. 2004), while others have not (Dauber et al. 2003).   
Our finding that the composition of butterflies and leaf beetles correlated with plant 
functional group composition has salient implications for grassland management and monitoring 
efforts.  In field studies, plant functional group measurements are much easier to collect than 
total plant composition, and in tallgrass prairies, measurement of plant functional group density 
has been shown to be a good predictor of measurements based on individual plant species 
(Sivicek and Taft 2011).  One way of using this information in grassland management for 
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butterflies and leaf beetles could be to set, as a restoration target, a specific composition of plant 
functional group cover known to be associated with an insect community composition (e.g. 
Chapter 3).   
The majority of the grasslands used in this study could be defined as novel ecosystems.  
Novel ecosystems are composed of species with no evolutionary history of interaction, which are 
characterized by a mix of native and non-native species (Hobbs et al. 2006).  Although a novel 
ecosystem differs in its plant species composition when compared to a native remnant plant 
community, it has the potential to be more similar in terms of its plant functional group cover.  
For butterflies, exotic plant species have been shown to fill the roles of native species in terms of 
both adult and larval resources (Shapiro 2002, Memmott and Waser 2002, Graves and Shapiro 
2003, Novotny et al. 2003).  A number of the butterfly species in this data set show larval host 
plant specificity only at the family or genus level, or at some level in-between (Schlicht et al. 
2007).  This could help to explain why composition of plant functional group cover did a better 
job of explaining butterfly composition than the composition of all plant species. 
Our study examined only three insect taxa that represent only a fraction of the total insect 
diversity of our region.  Further research on other insect groups in our region would allow us to 
refine conservation strategies based on surrogate taxa.  Additionally cross-taxon congruence may 
be region specific (Wolters et al. 2006), or influenced by anthropogenic alterations such as 
agricultural intensification (Lund and Rahbek 2002).  Comparisons among similar taxonomic 
groupings across a number of regions, as well as along anthropogenic disturbance gradients are 
needed.  Because congruence may vary regionally or across disturbance gradients, region-
specific cross-taxon congruence assessments should be conducted for conservation targets before 
relying on surrogate taxa. 
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Conclusion 
Understanding biodiversity patterns is more critical than ever, and for diverse groups 
such as insects the identification of surrogate taxa would be very useful for managers and 
researchers monitoring changes due to management or climate change.  Here we found that the 
three insect taxa (butterflies, ants, and leaf beetles) could not serve as surrogate taxa for each 
other in terms of species richness or species composition.  However, the two phytophagous 
insect taxa showed reasonably strong correlations with plant composition.  Thus, when time and 
resources are limited, sampling of overall plant species or plant functional group composition 
may be sufficient to infer the potential response of certain phytophagous insect groups, at least in 
our study region.  Secondarily, the finding that plant functional group composition served nearly 
as well or better than plant species composition for predicting phytophagous insect composition 
is also valuable new knowledge.  Using this information, grassland restoration and management 
efforts focused on specific targets of plant functional group composition may have the potential 
to enhance the diversity and improve conservation efforts for both butterflies and leaf beetles. 
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Table 2: Summary of results from cross-taxon correlations in richness.  No richness relationships 
were significant after Bonferroni correction for multiple tests (p<0.05/12 = 0.0042). 
  Butterflies 
Leaf 
Beetles 
Ants R2 0.3087 0.05292 
 p 0.0607 0.471977 
Butterflies R2  0.3071 
 p  0.0615 
 
 
Table 3: Summary of results from Mantel tests. Relationships that were significant after 
Bonferroni correction for multiple tests (p<0.05/12 = 0.0042) are indicated in bold. 
  Butterflies 
Leaf 
Beetles 
Plant 
Functional 
Groups 
All 
plants 
Ants r 0.08858 0.2346 0.03758 0.09838 
 p 0.263 0.044 0.347 0.246 
Butterflies r  0.3484 0.5983 0.519 
 p  0.014 0.004 0.011 
Leaf 
Beetles r   0.4617 0.4878 
 p   0.002 0.001 
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Figure 1: Relationships between the composition of each insect taxa (A – Ants, B – Butterflies, 
and C – Leaf Beetles) and plant functional group composition.  Points depict all pairwise 
comparisons between tracts using Bray-Curtis dissimilarity as the dissimilarity measure.  
Regression lines are plotted for significant relationships (Table 3). 
23 
 
 
Supplementary Figure 1: Canonical Correspondence Analysis (CCA) biplot depicting butterfly 
species as points and plant functional groups as vectors.  Length of arrows depict the importance 
of each variable in the model.  Arrows with small angles between them are positively correlated 
with each other while arrows pointing in opposite directions are negatively correlated with each 
other.  Species points that are close to an arrow indicate that these species are correlated with that 
variable.  F = 3.19, p = 0.002, CCA axis 1 Eigenvalue = 0.436 and CCA axis 2 Eigenvalue = 
0.102. 
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Supplementary Figure 2: Canonical Correspondence Analysis (CCA) biplot depicting leaf beetle 
species as points and plant functional groups as arrows.  Length of arrows depict the importance 
of each variable in the model.  Arrows with small angles between them are positively correlated 
with each other while arrows pointing in opposite directions are negatively correlated with each 
other.  Species points that are close to an arrow indicate that these species are correlated with that 
variable.  Species names are presented as species codes to reduce clutter, see Supplementary 
Table 1 for full scientific names of each species for each species code.  F = 1.49, p = 0.034, CCA 
axis 1 Eigenvalue = 0.329 and CCA axis 2 Eigenvalue = 0.242. Note: Fescue (tall fescue) and 
Legumes overlap at the top of the diagram making them difficult to read.  The longer arrow is 
associated with legumes. 
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Supplementary Table 1: Species codes and scientific names for each leaf beetle species in the 
ordination presented in Supplementary Figure 1.  Species codes are four letters derived from the 
first two letters of the genus and species name. 
Species Code Scientific Name 
AL_spp. Altica spp. 
ANLA Anomoea laticlavia 
BALI Bassareus lituratus 
BRMA Brachypnoea margaratae 
CASU Capraita subvittata 
CATH Capraita thyamoides 
CETR Ceratoma trifurcata 
CH_spp. Chaetocnema spp. 
COBR Colaspis brunnea 
CRST Cryptocephalus striatulus 
CRVE Cryptocephalus venustus 
DIBA Diabrotica barberi 
DICR Diabrotica cristata 
DIUN Diabrotica undecimpunctata 
EP_spp. Epitrix spp. 
EXCA Exema canadensis 
GLSP Glyptina spuria 
KUGI Kuschelina gibbitarsa 
LACL Labidomera clivicollis 
LESA Lexiphanes saponatus 
LO_spp. Longitarsus spp. 
LUNI Luperaltica nigripalpis 
OPAM Ophraella americana 
OPCO Ophraella communa 
OPCR Ophraella cribrata 
ORCO Orthaltica copalina 
ORME Orthaltica melina 
PAAT Pachybrachis atomarius 
PAOT Pachybrachis othonus 
PA_spp. Pachybrachis spp. 
PASE Paria sexnotata 
PATH Paria thoracica 
PHCR Phyllotreta cruciferae 
PHZI Phyllotreta zimmermani 
RH_spp. Rhabdopterus spp. 
TRVI Trirhabda virgata 
ZYSU Zygogramma suturalis 
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CHAPTER 3: TRACKING THE TEMPORAL TRAJECTORY OF 
BUTTERFLY AND PLANT COMPOSITION TO RESTORATION 
MANAGEMENT UTILIZING DOMESTIC CATTLE GRAZING 
AND FIRE 
A paper to be submitted to PLOS ONE 
John T. Delaney, Raymond A. Moranz, Diane M. Debinski, David M. Engle & James R. Miller 
Abstract 
Novel terrestrial ecosystems are not well studied, yet their utility for conservation and 
potential for restoration warrant further exploration. A product of intensive land use and 
degradation, they consist of mixtures of native and exotic species.  In novel ecosystems, the 
enduring legacies of past land use add another dimension of challenges to ecosystem restoration. 
Here we test the utility of fire and grazing by domestic cattle to restore degraded (categorized as 
such by exotic species cover) grasslands.  We used two burning and grazing treatments: 1) patch-
burn graze, where one third of the pasture is burned each year and cattle have free access to the 
entire pasture, and 2) graze-and-burn, where the entire pasture is grazed each year and burned 
every three years.  We tested for change over time in the butterfly and plant community 
composition of degraded tracts compared to reference tracts over seven years using Bray-Curtis 
dissimilarity.  Degraded tracts became more similar to reference tracts with respect to both the 
butterfly and plant communities, regardless of the treatment employed.  Legacies of past land use 
are enduring features of degraded grasslands, but these results indicate that restoration of fire and 
moderate grazing may reduce legacy effects over time. 
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Introduction 
Agricultural intensification has been cited as a leading cause of habitat and biodiversity 
declines (Benton et al. 2003, Green et al. 2005, Donald et al. 2006, Potts et al. 2010, Tscharntke 
et al. 2012).  Managed grazing is the dominant land use on the planet, covering 25% of the 
terrestrial surface (Asner et al. 2004), with estimates of the amount of grazing lands that are 
degraded as high as 73% (Lund 2007).  Heavy grazing by domestic livestock can be one of the 
primary causes of degradation in grasslands (Milchunas and Lauenroth 1993, Conant and 
Paustian 2002).  In light of these findings, it is not surprising that many conservationists have 
been reluctant to consider grazing for restoration of habitat and conservation of wildlife 
(Williams 1997, Henderson 1999, Howe 1999).  However, when properly managed, grazing by 
domestic herbivores can have conservation benefits (Fuhlendorf and Engle 2004, Firn et al. 
2010, Stahlheber and D’Antonio 2013), and in regions where grazing was a key historical 
process, the use of livestock grazing may be more effective at restoring habitat than grazing 
exclusion (Papanastasis 2009). 
Agriculture (including domestic grazing; Foster et al. 2003, Neff et al. 2005) can have 
long lasting effects on ecological communities where detectable impacts can last for centuries 
(Kruse-Peeples et al. 2010) or even millennia (Dupouey et al. 2002).  Anthropogenic alterations 
to ecosystems can cause changes in assemblages of species resulting in ecosystems composed of 
both exotic and native species, that are often referred to as novel ecosystems (Hobbs et al. 2006).  
Novel ecosystems, or more specifically for this paper – novel grasslands, tend to be dominated 
by exotic species and contain plant species that would not have interacted historically (Wilsey et 
al. 2011).  Novel ecosystems have been shown to differ from their native counterparts in a 
number of ways, including biodiversity, phenology, photosynthetic mode, productivity, and 
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ecosystem services (Wilsey et al. 2009, 2011, Isbell and Wilsey 2011, Mascaro et al. 2012, 
Martin et al. 2014).  Novel grasslands, like all novel ecosystems, are not well understood and 
require further research to develop appropriate restoration tools and to fully realize their 
conservation potential (Hobbs et al. 2009, Zweig and Kitchens 2010).   
Frequently, one or a few undesirable exotic plant species become dominant in novel 
grasslands.  Once exotic species achieve dominance, they may not decline without a restorative 
procedure (Kulmatiski 2006, Cramer et al. 2008).  For example, a number of grassland studies 
have found increases or little change in exotic species cover in treatments where grazing was 
excluded (Tunnell et al. 2004, Firn et al. 2010, Hayes and Holl 2011, Isbell and Wilsey 2011, 
Price et al. 2011).  Grazing can be a key driver of plant species diversity in grasslands (Collins et 
al. 1998, Olff and Ritchie 1998, Knapp et al. 1999, Collins and Calabrese 2012).  Positive effects 
of grazers are most pronounced when comparing productive vs. unproductive areas (Olff and 
Ritchie 1998, Proulx and Mazumder 1998, Worm et al. 2002, Bakker et al. 2006).  Grazing is 
more effective in productive areas because they alleviate light competition (Borer et al. 2014). 
Domestic cattle grazing is gaining popularity as an effective tool for decreasing exotic 
species dominance, even in areas with no native ungulate species (Firn et al. 2013).  Although 
domestic grazing is often the causative agent of exotic species dominance (Foster et al. 2003), 
careful manipulation of timing and intensity of grazing can reduce exotic species dominance 
(Popay and Field 1996).  Domestic cattle grazing has been shown to reduce cover of exotic 
species (Olson et al. 1997, Gardener et al. 2005, De Bruijn and Bork 2006, Pywell et al. 2010), 
which could allow for an increase of rarer species, both native and exotic (Stahlheber and 
D’Antonio 2013).  This is not always the case however (Cummings et al. 2007), and it needs to 
be noted that results will vary depending on the specific grazing regime employed (De Bruijn 
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and Bork 2006).  In order for grazing to be effective at reducing exotic species dominance, a 
grazing regime needs to be selected such that it appropriately alters the palatability and 
selectivity of the target species (Firn et al. 2013).   
Patch-burn grazing has been proposed as a tool for altering both palatability and 
selectivity of exotic plants in grasslands (Fuhlendorf and Engle 2001, 2004, Cummings et al. 
2007).  Patch-burn grazing works by applying fire to only a portion of a pasture each year, which 
influences the cattle’s grazing patterns such that they concentrate their grazing efforts in the most 
recently burned patch.  In this model cattle more readily select for exotic species following a fire 
when the new growth of the exotic species is more palatable (Cummings et al. 2007). By 
concentrating grazing within a smaller area (within a patch) for a shorter period of time (e.g. one 
season) selectivity for a particular plant species is reduced, resulting in all plant species being 
defoliated more evenly (Fuhlendorf and Engle 2001, 2004, Archibald and Bond 2004, 
Cummings et al. 2007).  Patch-burn grazing shifts grazing behavior from preferential selection of 
individual plant species to preferential selection of the patch (Vermeire et al. 2004). 
Grazing and burning of grasslands can have both direct and indirect effects on patterns of 
insect distribution and abundance (Vogel et al. 2010).  Although insect diversity and composition 
is influenced by plant diversity and plant composition (Siemann et al. 1998, Su et al. 2004, 
Schaffers et al. 2008, Maccherini et al. 2009, Gioria et al. 2010, Shuey et al. 2012), previous 
work from our study tracts has shown that the butterflies show greater correlation with the plant 
functional groups than overall plant species composition (Chapter 2).  Therefore, we focus here 
on the temporal trajectory in plant functional groups and the butterfly community responses.  
In this study we examined seven years of responses to restoration management (termed 
restoration grazing in this document) using two different fire and grazing management 
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treatments: 1) patch-burn graze, where fire is applied heterogeneously to the tract, which 
influences grazing patterns, and 2) graze-and-burn, where fire is applied homogenously.  We 
hypothesize that butterfly community composition on restoration grazed pastures will become 
more similar to reference tracts with the application of fire and grazing treatments because 1) 
these processes were central in structuring and maintaining the tall grass prairie ecosystem 
historically and 2) both grazing and fire are required for maintaining diversity in many grassland 
systems.  We also investigate a secondary hypothesis, that fire and grazing will reduce cover of a 
dominant exotic grass species tall fescue (Schedonorus arundinaceus (Schreb.) Dumort., nom. 
cons.), which will further facilitate improvement of plant functional group composition, whether 
the species are composed of natives or exotics.  We should note that we are focusing on the 
manipulation of plant functional group composition in this study because 1) butterflies at our 
tracts correlate better with composition of plant functional groups than overall plant species 
composition and 2) manipulation of plant functional group composition may be a more realistic 
objective for restoration of novel grasslands, where many of the plant species are exotic. 
Methods 
Our study tracts (research sites) were located in the Grand River Grasslands, an area 
spanning over 28,000 ha in Ringgold County, Iowa, and Harrison County, Missouri, U.S.A. 
(Table 1).  The Grand River Grasslands has been identified as the best opportunity to restore a 
functional tallgrass prairie system in the entire Central Tallgrass Prairie ecoregion (The Nature 
Conservancy 2008).  Before settlement by Europeans, the area was primarily tallgrass prairie, 
whereas today grasslands in the Grand River Grasslands consists predominantly of “degraded 
grassland habitat” dominated by exotic grasses (TNC-Missouri 2012).   
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Tracts were categorized into prairie remnants (used as reference) and degraded pastures 
based on proportion of native plant canopy cover in 2007 (Table 1).  Reference tracts (n=2) had 
>86 % canopy cover of native plants, and all degraded pastures (n=6) had <42% canopy cover of 
native plants (Table 1; see Supplementary Table 1 for percent cover of individual species in 
2007).  Tall fescue, an exotic forage species, dominates all of the degraded tracts (Figure 1).  
Three of the degraded tracts (Pyland North, Pyland South, and Pyland West) were heavily grazed 
for many years up to 2006, while three other degraded tracts (Gilleland, Lee Trail, and Ringgold 
South) had experienced rest from grazing for at least the five years prior to initiation of the 
experiment (McGranahan et al. 2013).  Ringgold South was burned in 2003, and Lee Trail was 
burned in 2004.  All degraded tracts appear to have experienced extended periods of intense 
grazing and likely applications of chemical fertilizer (likely N-based) and seeding of exotic 
forage species in the past (M. Moe, personal communication).   
The degraded tracts were placed into either the patch-burn graze or the graze-and-burn 
treatments.  Patch-burn graze tracts were delineated into three patches with one of the patches 
burned each year, resulting in a three-year fire return interval for each patch.  Graze-and-burn 
tracts were also divided into three patches, but tracts were burned in their entirety every three 
years.  There were no physical boundaries between patches; i.e., cattle had free access to the 
entire pasture.  The year prior to the beginning of the experiment (2006) the stocking rate was 
3.9AUM ha-1 (SD = 0.8).  Over the seven years of the study the average stocking rate was 2.4 
AUM ha-1 (SD = 0.8).  Stocking rate was altered yearly based on end of season forage estimates 
at each tract from the previous year, and the average target stocking rate was altered throughout 
the experiment to better achieve heterogeneity in vegetation height among patches within the 
patch-burn graze treatment (Table 1).  Our stocking rate is lower than commonly practiced by 
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cattle producers in the region (S. Clubine, personal communication), which can be as high as 15 
AUM ha-1 (McGranahan et al. 2013).  Reference tracts were also split into three patches, with the 
entire tract burned every three years, but not grazed.  For all tracts within the study, burns were 
conducted in mid-late March.  One patch of each of the patch-burn graze tracts was burned each 
year beginning in 2007, the graze-and-burn tracts were burned in 2009 and 2012, and one 
reference tract (Ringgold North) was also burned in 2009 and 2012 while the other (Pawnee) was 
burned in 2008, 2010 and 2013. 
Within each patch two permanent butterfly transects were sampled twice per year to 
include the two major butterfly emergence periods (mid-June and mid-July).  Each transect was 
100m in length and sampled using a modified “Pollard walk” method (Pollard 1977).   Observers 
walked the 100m transect at a steady pace (~10m/min) and recorded butterflies seen within a 
5x5m area in front of the observer.  Butterflies were identified to the species level on the wing 
where possible.  Alternatively, they were captured and identified in the field or lab.  Surveys 
were conducted between 0930-1830h when the sun was not obscured by clouds, winds were less 
than 16km/hr, and temperatures were between 21-35°C.   
Canopy cover of functional groups was measured in mid-July using thirty 0.5-m2 (0.5 X 
1.0 m) quadrats per patch arranged along three patch-wide transects, resulting in a total of 90 
quadrats per tract (Pillsbury et al. 2011).  Variables measured included canopy cover of six plant 
functional groups: warm-season grasses (C4), cool-season grasses (C3), non-leguminous forbs, 
leguminous forbs, woody plants, and tall fescue. We separated out tall fescue from the other 
cool-season grasses because this species was an invasive grass species that was very abundant on 
our cattle pastures (Figure 1).  We estimated the canopy cover of each functional group using the 
midpoints of the following percentile intervals:  0, 1, 1-5, 5-25, 25-50, 50-75, 75-95 
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(Daubenmire 1959).  These rough estimates of plant functional group cover effectively sample a 
large area, and functional group canopy cover is a useful predictor of vegetation composition for 
tallgrass prairie (Sivicek and Taft 2011).  In 2007, quadrat data for two of the three patches at 
one tract (Ringgold North) were lost, so we used the single patch in 2007 to represent the entire 
tract for that year.  We believe this to be an acceptable alternative since this tract is particularly 
homogenous across patches. 
To quantify change over time, Bray-Curtis dissimilarity between reference and grazed 
tracts was calculated for the butterfly community and the plant community.  Species abundances 
(for butterflies) and cover by functional group (for plants) were averaged across the two 
reference tracts for each year and dissimilarity (of each grazed tract during each year to the 
average of the reference tracts) was calculated using the vegdist function in the vegan package 
(Oksanen et al. 2011) in R version 2.12.1 (R Development Core Team 2010).  Relationships 
between dissimilarity of the butterfly and plant community over time were tested using a linear 
mixed-effects model with the lme function in the nlme package (Pinheiro et al. 2013) in R.  
Fixed effects included year (2007-2013), treatment, stocking rate, precipitation, and a year by 
treatment interaction term.  Tract was included in the models as a random effect to account for 
repeated measures over time.   
We analyzed growing season precipitation because precipitation has been shown to affect 
functional group cover (Biondini et al. 1998, Sternberg et al. 2000) and butterfly numbers 
(Pollard 1988, Hill et al. 2003) in other studies.  Precipitation data were collected from National 
Oceanic and Atmospheric Administration’s National Climatic Data Center (NCDC 2014).  We 
extracted total growing season precipitation beginning on April first and ending on the last 
butterfly sampling day of each year.  Data were obtained from five weather stations within a 25-
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km radius of our study area.  Total growing season precipitation was calculated for each weather 
station and the average total growing season precipitation was calculated for each year.  The five 
weather stations were Blockton, IA; Denver, MO; Grant City, MO; Lamoni Municipal Airport, 
IA; and Mount Ayr, IA.   
We tested specifically for a change in tall fescue cover over the seven-year period.  The 
model for this test was constructed in the same way as the models for quantifying change over 
time in composition of the butterfly and plant communities.  We tested for changes in species 
abundance of 13 of the most abundant butterfly species and the five plant functional groups other 
than tall fescue.  Our data showed great inter-annual variation in abundance of individual species 
and individual plant functional groups. Because of this variation, we calculated the difference in 
abundance of each butterfly species or canopy cover of each functional group between each 
degraded tract and each reference tract within each year (except for tall fescue), in a similar 
manner as the calculation for compositional dissimilarity.  We then tested for a linear 
relationship with year for each species or functional group.  The models were constructed 
identically to the model for compositional change.  We used Bonferroni corrections to determine 
whether relationships were significant after multiple tests.  The threshold p-value was 0.004 (α = 
0.05/13) for the butterflies and 0.008 (α = 0.05/6) for plant functional groups.  Graphs presented 
depict actual individual butterfly species abundances and cover of each plant functional groups.  
Lines are fitted using loess smoothing to illustrate the strong temporal fluctuations across years.  
All graphs in this manuscript were constructed using the ggplot2 package (Wickham 2009) in R. 
Results 
Butterfly community composition became more similar to reference tracks over the seven 
year period (Table 2; Figure 2), even when the effects of precipitation and stocking rate were 
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incorporated into the model.  Composition of plant functional groups also showed a significant 
relationship with time (Table 2; Figure 2).  However, a quadratic relationship was found to fit 
better than a linear one for the plant community (AIC = -41.45 for the linear model vs. AIC =      
-51.69 for the quadratic model).  The change in plant functional group cover was stronger in the 
first four years but leveled out in the final three years of the experiment.  There were no 
significant differences between treatments nor significant year by treatment interactions.  
Cover of tall fescue showed a significant decrease over the seven year study period (d.f. = 
32, t = -3.35, p = 0.002; Figure 3), and remained significant when considering the Bonferroni 
correction for multiple test on the functional group data set (p < 0.008)   The two treatments did 
not respond differently over the study period as predicted, indicated by the non-significant year 
by treatment interaction (df = 32, t = 1.84, p = 0.08).  None of the other fixed effects were 
significant below the p = 0.008 threshold.  Using the raw data the percent change was small for 
both treatments (patch-burn graze xˉ = 2.7, SD = 0.20 and graze-and-burn xˉ = 2.7, SD = 0.80).  
However, using the fitted estimates from the model that incorporated the variation contributed by 
changes in stocking rate and changes in precipitation the average percent change was xˉ = 12.7, 
SD = 8.29 for patch-burn graze and xˉ = 23.2, SD = 4.13 for graze-and-burn.  The average percent 
change did not differ significantly between the two treatments (df = 4, t = -1.97, p = 0.121). 
Only two butterfly species, Pyrisitia lisa (Little Yellow) and Speyeria idalia (Regal 
Fritillary), showed a significant linear trend (of increasing difference from reference for Pyrisitia 
lisa and decreasing difference from reference for Speyeria idalia) over the seven year period 
(Figure 4; df  = 32; t = -3.41; p = 0.002; and df  = 32; t = 8.50; p <0.001; respectively) after 
Bonferrroni corrections (p<0.004).  However, these relationships appear to be more of an artifact 
of fluctuating inter-annual abundance patterns.  Pyrisitia lisa butterflies were somewhat common 
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in the last two years of the experiment and virtually absent in the first three years of the 
experiment, while Speyeria idalia showed a particularly high abundance at one reference tract in 
2007 and a particularly low abundance in 2013 at that same tract, with little change during 
intermediate years (Figure 4).  We removed the Pyrisitia lisa and Speyeria idalia from our 
analyses and reran the model testing for compositional change over time.  Their removal did not 
alter the interpretation of the previously presented butterfly community results.  Of the remaining 
five plant functional groups, only forbs show significant positive trend over time (Figure 5; df = 
32; t = 3.96; p = 0.0004) after Bonferroni corrections (p<0.008).   
Discussion 
Severely degraded grasslands managed with grazing and fire showed signs of recovery as 
measured by increasing similarity to reference tracts over seven years.   The change over time 
was most pronounced within the butterfly community, showing a ~25% increase in similarity 
over the seven year period.  For the plant functional groups, the change in similarity was less 
distinct, starting off strong in the first four years of the experiment but leveling off in the final 
three years.  Although the degraded tracts remain quite different from reference tracts in the final 
year of the study, the degree of change observed here is encouraging considering the short time 
period and the low level of inputs we used (i.e. a three year fire return interval and moderate 
cattle grazing).  We did not find treatment-associated differences for the plant functional groups 
or the butterflies.  However, stocking rates were equivalent between the two treatments, and the 
number of grazing animals can have more of an effect on the response than the specific grazing 
treatments employed (Pieper 1994, Hickman et al. 2004).   
We hypothesized that cattle grazing, at a moderate stocking rate, would reduce tall fescue 
dominance, conferring a positive response in plant and butterfly composition.  This prediction 
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was based on research by others showing reductions in exotic species dominance when using 
domestic cattle grazing (Olson et al. 1997, Gardener et al. 2005, De Bruijn and Bork 2006, 
Pywell et al. 2010).  We also expected that the patch-burn grazing treatment would show the 
most change, because the concentration of cattle within a patch in the patch-burn graze treatment 
should reduce selectivity, resulting in greater defoliation of tall fescue.  For example, Cummings 
et al. (2007) found slower invasion of the exotic species Sericea lespedeza in patch-burn graze 
treatments compared to traditionally managed pastures.  Johnson and Sandercock (2010) found a 
trend of decreasing tall fescue, though not significant, over a 5 year chronosequence in tall 
fescue dominated tracts with native vegetation managed using winter grazing in southeastern 
Kansas.  Consistent with Johnson and Sandercock (2010), our study found a significant decrease 
in tall fescue over the seven year study period, but our two grazing treatments did not differ 
significantly in their response.  However, there was only a slight reduction in the cover of tall 
fescue compared to the larger changes observed in community composition of butterflies and 
plant functional groups. 
We did not monitor ungrazed degraded tracts in this study, but we would not expect a 
reduction in fescue cover following cessation of grazing.  Multiple studies have demonstrated 
little change or an increase in dominance of exotic species when grazing is excluded (Firn et al. 
2010, Hayes and Holl 2011, Price et al. 2011). More specifically, Tunnell et al. (2004) observed 
a fivefold increase in tall fescue following cessation of grazing in an old field grassland in 
southeastern Oklahoma.   In our study, three of the degraded tracts had been rested from grazing 
at least five years prior to 2006 but had similar butterfly communities, plant functional group 
composition, and fescue cover as the tracts that had no rest from grazing in 2007.   
38 
 
Although the change in plant community dissimilarity was not as strong and as consistent 
as it was for butterflies, the composition of plant functional groups decreased in dissimilarity 
from reference tracts over the study period.  Change in plant functional group composition has 
resulted from grazing in other studies (Belsky 1992, Biondini et al. 1998, Hadar et al. 1999, 
Sternberg et al. 2000).  In our study, the best fitting relationship for the change in plant 
composition was not linear but quadratic, because the change leveled off in the final three years 
of the experiment.  Stocking rate was altered annually and individually for each pasture as part of 
an adaptive management strategy to better achieve structural heterogeneity among patches in the 
patch-burn graze treatment (Scasta 2014).  Specifically, the stocking rate was highest in the first 
three years of the project (2007-2009) then was lowered in 2010 and then brought back up to an 
intermediate level in 2012 (Table 1), and we accounted for this change in stocking rate in all of 
our models. We suspect that our results could be caused by the fact that stocking rate was 
lowered below a threshold where grazing could significantly affect change in the cover of plant 
functional groups.  For instance, Hickman et al. (2004) found greater enhancement of plant 
diversity in high vs. moderate and low stocking densities.   
The positive response of butterflies to restorative grazing is consistent with results of 
other studies of butterfly responses to restoration through cattle grazing (WallisDeVries and 
Raemakers 2001, Pöyry et al. 2004).  Dissimilarity between degraded and reference tracts 
increased in 2012, most likely due to an extreme drought that year, that may have altered 
community composition of reference and degraded tracts differently.  Degraded tracts resumed 
their track toward reference tracts in 2013.  Considering the variability in growing season 
precipitation and other variable weather patterns observed over the course of this experiment, it 
is encouraging that we were able to detect a significant change in butterfly composition. 
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The changes in composition of butterflies and plant functional groups did not mirror each 
other to the degree that we had anticipated for this study.  Previous research at our study tracts 
indicates that composition of butterflies is correlated with the composition of plant functional 
groups (Chapter 2) and numerous studies have demonstrated similar relationships (Siemann et al. 
1998, Su et al. 2004, Schaffers et al. 2008, Maccherini et al. 2009, Gioria et al. 2010, Shuey et al. 
2012).  It is possible that butterflies are responding to changes other than plant functional group 
cover that were not investigated here.  Alternatively, there could be a lag between changes in the 
plant community and the responses of the butterflies, especially for those butterfly species with 
long generation times (e.g., one brood/year).  A lag effect could explain why the butterflies 
continued on a convergent trajectory over all five years while the plant community trajectory 
leveled off after four years.   
In addition to the overall change in butterfly community composition we were able to 
detect significant trends in two individual butterfly species.  However, these two species were 
not drivers of the change observed in butterfly composition, because the removal of those species 
from the dataset did not change the interpretation of the results.  These results highlight the 
utility of analyzing multivariate responses to environmental change.  Organisms can fluctuate in 
abundance along temporal time scales due to biotic interactions and in response to environmental 
factors (Tilman 1989).  Weather, parasitoids, predators, and competition, influence individual 
butterfly species abundance such that fluctuations from year to year can be high (Pollard 1988).  
By annually comparing degraded tracts to reference tracts, we reduce the noise in the 
relationships and buffer against erroneous conclusions about the importance of specific species. 
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Implications for Management 
This study tested the use of fire and grazing to restore degraded (novel) grasslands.  
Conservation and restoration in novel ecosystems require novel approaches (Seastedt et al. 
2008), with objectives that incorporate factors of the ecosystem that have already been altered 
and elements that may be impossible or costly to remove (Hobbs et al. 2009).  Many of the 
exotic species present in the tallgrass prairie region have reached a threshold where complete and 
permanent removal is unlikely.  Many of these exotic species may still be useful for conservation 
if they provide a resource for higher trophic levels (Ewel and Putz 2004). For example, exotic 
plant species which produce nectar can be valuable resources for native butterflies (Shapiro 
2002, Memmott and Waser 2002, Graves and Shapiro 2003, Novotny et al. 2003).  Within our 
degraded tracts, we observed a decrease in tall fescue cover and an increase in forb cover, along 
with decreased dissimilarity between degraded and reference tracts in both composition of 
butterflies and plant functional groups.  Thus, management with moderate grazing and fire has 
potential to restore degraded grassland habitat and increase grassland biodiversity while 
providing some economic benefits via cattle production.   
Given that both of our treatments used fire and grazing, it is difficult to definitively 
identify the driver of the responses observed.  However, because we observed no major change 
in dissimilarity in the butterfly or plant communities when the graze-and-burn tracts were burned 
in their entirety in 2009 and 2012, we suspect that grazing was the primary driver of the change 
seen in this study.  These results are promising for future use of restoration grazing on 
Midwestern grasslands.   
The restoration technique studied here has the benefit that it is low input, but requires 
considerably more time than some other forms of restoration such as treatment with herbicide 
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followed by seeding with native species.  For instance, dissimilarity changed only ~25% for the 
butterfly community over the seven years of this study and was still about ~50% dissimilar from 
reference tracts at the end of the study period.  It would be difficult to make predictions about 
how these tracts would change in the future if we were to continue the grazing treatments.  It can 
be expected that novel grasslands will never mimic historic reference ecosystems completely, 
because a defining characteristic of novel ecosystems is that they have crossed a threshold where 
complete restoration of the native community is extremely difficult or impossible (Morse et al. 
2014).  With global threats such as increasing population sizes, agricultural intensification, and 
threats of imminent climate changes coupled with limited resources, it is understandable that 
restoration practitioners desire methods for restoration that produce quick fixes with clear 
outcomes.  However, this method has utility in some circumstances, such as in larger landscapes 
where intensive management of the entire area is not feasible. 
Conclusion 
Our previous research had showed that over the first three years of the experiment land-
use legacies had a greater impact on insect community structure than grazing and burning 
treatments (Debinski et al. 2011).  However, over seven years, these severely degraded grassland 
tracts managed with moderate grazing and fire became more similar to reference tracts.  
Although land-use legacies are enduring features of novel grasslands, these results indicate that 
the use of moderately stocked domestic cattle grazing and fire can facilitate restoration over the 
intermediate term.  This is an important observation because novel grasslands will likely play a 
vital role in conservation in the future. 
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Table 2: Results of linear mixed-effects model analyses of change in dissimilarity of the butterfly 
community and plant community.  Bray-Curtis dissimilarity calculated between grazed tracts and 
the average of reference tracts within each year.  Models included year (2007-2013, treatment 
(patch-burn graze and graze-and-burn), stocking rate of each tract (AUM ha-1), and growing 
season precipitation as fixed effects.  Stocking rate was included in the model because it changed 
each year at each tract (Figure 2).  An interaction between stocking rate and year was tested, but 
removed because it was not significant. 
 
 Fixed Effects Value Std.Error DF t-value p-value 
Butterfly Community 
Year -0.06077 0.01082 32 -5.62 <0.001 
Treatment -37.23752 30.46256 4 -1.22 0.289 
Stocking Rate -0.01174 0.02025 32 -0.58 0.566 
Precipitation -0.00004 0.00001 32 -3.34 0.002 
Year*Treatment 0.01854 0.01516 32 1.22 0.230 
Plant Community 
(Year)2 -0.33378 0.086017 32 -3.88 <0.001 
Treatment 0.01400 0.059351 4 0.24 0.825 
Stocking Rate 0.02737 0.014448 32 1.89 0.067 
Precipitation -0.00001 0.00007 32 -1.66 0.106 
(Year)2*Treatment 0.17606 0.121791 32 1.45 0.158 
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Figure 1: Canopy cover (%) of tall fescue by tract in 2007.  Tall fescue dominates species 
composition in each of the six degraded tracts but is virtually absent from reference tracts (GAB 
= Graze-and-burn, PBG = Patch-burn graze, and REF = Reference tracts).  Full tract names and 
other tract specific details are presented in Table 1.  See methods section for details on collection 
of canopy cover data. 
 
 
Figure 2:  Convergence (i.e., declining dissimilarity) of butterfly community and plant 
community within degraded tracts on reference tracts over time.  The dissimilarity measure on 
the y-axis is Bray-Curtis Dissimilarity, which was calculated as the dissimilarity between each 
grazed tract and the average of the two reference tracts for each year.  See table 2 for test of the 
response of decreasing dissimilarity over time. 
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Figure 3: Tall fescue canopy cover (%) over the study period.  Canopy cover of tall fescue 
decreased over the seven-year study period (df = 32, t = -3.35, p = 0.002).  We predicted the 
patch-burn graze treatment would more effectively reduce tall fescue although there was no 
treatment effect (df = 4, t = -1.84, p = 0.14) nor year by treatment interaction (df = 32, t = 1.84, p 
= 0.08).  The smaller colored lines are the fitted lines for each tract, and the thick black line 
indicates the overall fitted year effect (Y = -1.76X + 3573.8). 
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Figure 4: Abundance of the thirteen most abundant butterfly species at our research tracts.  
Butterfly abundance fluctuated yearly for each species and often fluctuations were mirrored in 
both treatments and in reference tracts.  Annual change in abundance of all butterflies sampled is 
presented in the first graph in this figure.  Lines depicted here were fitted using loess smoothing 
to illustrate the inter-annual fluctuations in individual species abundances over the course of the 
study.  Linear trends in species abundance at degraded tracts were tested using the difference 
between the abundance at each degraded tract and the average abundance of the two reference 
tracts.  See results for significant relationships.  Note: scale on the Y axis is different for each 
species. 
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Figure 5:  Canopy cover of plant functional groups within study tracts in the Grand River 
Grasslands.  Abbreviations are as follows, CSG = cool-season grasses (C3), Fescue = tall fescue 
(Schedonorus arundinaceus (Schreb.) Dumort., nom. cons.), Forbs = non-leguminous forbs, 
Legumes = leguminous forbs, Woody = woody vegetation, WSG = warm-season grasses (C4).  
Functional group canopy cover fluctuated yearly for each group, and often fluctuations were 
mirrored in both treatments and in reference tracts.  Lines were fitted using loess smoothing 
employed to illustrate the inter-annual fluctuations in individual species abundances over the 
course of the study.  Linear trends in functional group cover at degraded tracts were tested using 
the difference between the percent cover at each degraded tract and the average percent cover of 
the two reference tracts.  See results for significant relationships. 
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Supplementary Table 1: Maximum percent cover of each plant species found at each tract from 
six Whittaker plots in 2007.  Origin indicates whether species are native (N) or exotic (E).  Sites 
are presented in three letter abbreviations and grouped by each treatment.  Additional site 
characteristics including full site names are provided in Table 1. 
 
O
ri
g
in
 Graze-and-burn Patch-burn graze Reference 
Scientific Name GIL LTR PYW PYN PYS RIS PAW RIN 
Achillea millefolium N 1.90 6.70 1.01 2.30 3.51 4.40 2.81 4.40 
Agalinis auriculata  N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Agrimonia striata  N 0.00 0.00 0.00 0.00 0.00 0.01 4.40 0.00 
Agrostis stolonifera E 2.20 8.30 5.01 2.51 5.11 1.91 0.60 0.00 
Allium canadense N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Ambrosia artemisiifolia N 0.60 0.40 0.40 1.91 1.00 0.71 0.30 0.00 
Ambrosia psilostachya N 4.10 6.71 3.50 12.81 21.31 14.01 0.01 0.00 
Amorpha canescens N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Andropogon gerardii N 0.00 2.90 29.51 0.91 8.01 0.01 71.90 73.40 
Antennaria neglecta N 0.00 0.00 31.41 0.30 6.00 3.51 0.00 76.81 
Anthemis cotula E 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 
Apocynum cannabinum N 0.01 0.30 0.01 0.01 0.01 0.01 0.01 1.61 
Aristida oligantha N 0.00 0.00 14.71 26.01 79.10 11.11 0.00 5.40 
Artemisia ludoviciana N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Asclepias hirtella N 0.00 0.00 0.00 0.01 0.61 0.01 0.00 0.01 
Asclepias purpurascens N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Asclepias sullivantii N 0.00 0.01 0.00 0.00 0.00 0.00 0.30 0.00 
Asclepias syriaca N 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 
Asclepias tuberosa N 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.30 
Asclepias verticillata N 0.00 0.30 0.70 0.30 0.00 0.21 0.00 1.01 
Baptisia alba N 0.00 0.01 0.01 0.01 16.41 0.01 0.01 0.00 
Bidens spp. N 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 
Bromus arvensis E 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bromus inermis E 18.41 76.81 4.71 27.01 5.40 11.41 0.01 3.81 
Bromus japanicus E 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Cannabis sativa E 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.30 
Cardamine bulbosa N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Carduus acanthoides E 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Carduus nutans E 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Carya spp. N 0.00 2.21 0.01 0.00 0.00 0.00 0.00 0.00 
Chamaecrista fasciculata N 0.00 0.31 0.00 0.00 0.00 0.00 0.21 0.80 
Chamaesyce glyptosperma N 7.60 1.61 0.00 0.00 0.00 3.20 0.00 0.00 
Chrysanthemum leucanthemum E 0.00 0.00 1.01 0.00 0.31 0.71 0.00 0.00 
Cichorium intybus E 65.30 0.00 0.00 0.00 0.00 0.00 0.00 0.30 
Cirsium altissimum N 0.01 0.01 0.00 0.00 0.00 4.41 0.01 0.00 
Cirsium discolor N 0.01 0.31 0.00 0.00 0.01 0.01 0.01 0.00 
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Cirsium flodmanii N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Cirsium spp. N 0.01 0.31 0.00 0.00 0.01 0.30 0.01 0.00 
Cirsium vulgare E 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 
Conyza canadensis N 0.01 0.61 0.90 0.30 0.30 0.30 0.01 0.00 
Coreopsis palmata N 0.00 0.00 0.00 0.00 0.00 0.00 3.50 0.00 
Coreopsis tripteris N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 2.51 
Cornus spp. N 0.00 0.00 0.00 0.00 0.00 16.40 0.01 0.01 
Croton texensis N 0.01 0.01 0.01 3.10 13.10 8.31 0.00 0.00 
Cyperus esculentus N 0.31 0.40 0.01 0.00 0.30 4.71 0.30 0.30 
Dactylis glomerata E 34.21 0.00 2.61 7.61 2.41 4.10 0.00 0.00 
Dalea purpurea N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Daucus carota E 27.01 22.61 16.61 16.01 27.01 29.21 6.70 3.21 
Delphinium carolinianum N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Desmanthus illinoensis N 0.00 0.00 0.00 0.00 0.00 0.00 2.20 0.30 
Desmodium canadense N 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.00 
Dianthus armeria E 3.51 7.31 1.31 2.50 3.71 4.01 0.01 0.30 
Dicanthelium spp. N 0.70 4.01 4.11 3.70 6.31 2.80 1.81 3.71 
Digitaria ischaemum E 6.40 0.01 8.91 13.71 3.21 3.20 0.00 0.00 
Echinacea pallida N 0.00 0.00 0.00 0.00 0.00 0.31 0.60 0.31 
Echinacea purpea N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Elaeagnus umbellata E 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Elymus canadensis N 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Eragrostis spectabilis N 0.30 4.11 1.60 0.31 5.70 0.01 0.01 3.81 
Erigeron strigosus N 1.21 1.50 0.70 1.01 7.61 2.51 2.70 1.51 
Eryngium yuccifolium N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Eupatorium altissimum N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 1.61 
Euphorbia corollata N 0.00 0.00 0.90 0.00 0.60 0.00 0.10 0.01 
Euthamia graminifolia N 0.00 0.00 0.00 0.00 0.01 0.01 11.81 15.31 
Fragaria virginiana N 0.00 0.00 3.81 0.60 0.90 14.71 3.51 0.01 
Fraxinus americana N 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Fraxinus spp. N 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
Galium boreale N 0.01 5.00 0.00 0.00 0.00 0.01 0.01 0.00 
Gaura biensis N 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 
Gledista triacanthos N 0.00 0.00 0.00 0.01 0.10 0.00 0.01 0.00 
Helianthus grosseserratus N 0.01 0.00 0.00 0.00 0.00 0.00 0.00 13.11 
Helianthus maximiliani N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.81 
Heuchera richardsonii N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Ipomoea spp. E 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.21 
Juniperus virginiana N 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 
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Koeleria macrantha N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
Kuhnia eupatorioides N 0.00 0.30 0.01 0.00 0.00 0.00 0.01 2.50 
Kummerowia striata E 1.60 11.81 74.51 7.61 36.40 0.30 0.00 0.00 
Lactuca serriola N 0.01 1.90 0.00 0.00 0.00 0.01 0.01 1.60 
Lepidium densiflorum N 0.21 0.31 0.11 1.90 6.61 0.01 0.00 0.00 
Lespedeza capitata N 0.00 0.00 0.00 0.00 0.00 0.00 2.11 2.41 
Lespedeza cuneata E 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Liatris aspera N 0.00 0.00 0.00 0.00 0.00 0.01 0.01 1.60 
Liatris punctata N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Liatris pycnostachya N 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.00 
Lobelia spicata N 0.00 0.01 0.01 0.31 0.60 0.31 0.30 0.61 
Lotus corniculatus E 19.31 0.01 6.41 29.51 24.11 76.81 15.51 0.00 
Lycopus americanus N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Maclura pornifera N 0.31 0.01 0.01 1.60 0.01 1.61 0.01 0.01 
Medicago lupulina E 4.31 1.61 4.71 5.01 4.71 0.91 0.00 0.00 
Melilotus spp. E 0.01 0.01 0.70 1.51 0.31 3.20 0.00 0.00 
Monarda fistulosa N 5.11 17.41 0.00 0.01 0.00 32.51 23.41 0.01 
Morus rubra N 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Muhlenbergia schreberi N 11.40 0.00 3.51 1.60 1.60 5.71 2.21 3.20 
Nepeta cataria E 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Oligoneuron rigidum N 0.00 0.00 0.00 0.00 0.01 0.40 0.91 37.71 
Oxalis dillenii N 9.20 2.81 0.60 0.30 0.31 6.61 0.31 0.90 
Packera plattensis N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Panicum capillare N 0.00 0.00 0.00 0.00 0.00 9.21 0.00 0.01 
Panicum virgatum  N 3.80 11.41 2.20 8.91 6.40 5.41 0.01 1.60 
Parthenocissus quinquefolia N 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
Paspalum setaceum N 24.30 33.00 5.41 0.30 4.80 0.00 0.00 0.00 
Pastinaca sativa E 0.00 0.00 0.00 1.61 0.00 0.00 0.30 0.00 
Phalaris arundinaceae N 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.00 
Phleum pratense E 4.41 1.60 1.31 4.41 0.91 2.20 0.00 0.00 
Physalis heterophylla N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Physalis virginiana var. virginiana N 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
Plantago lanceolata E 12.71 1.90 0.31 2.11 6.71 3.50 0.00 0.00 
Plantago major E 1.90 0.31 0.00 0.31 0.01 0.61 0.01 0.10 
Poa pratensis E 69.91 28.10 7.90 25.71 6.91 21.31 32.90 16.91 
Polygonum pensylvanicum N 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Potentilla arguta N 0.00 0.00 0.00 0.00 0.00 0.00 1.61 0.61 
Potentilla simplex  N 0.30 2.81 0.41 0.60 3.80 2.21 0.30 0.01 
Prunella vulgaris N 0.01 1.61 0.31 0.00 1.60 0.30 0.00 0.00 
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Pseudognaphalium obtusifolium N 0.01 0.00 0.00 0.00 0.00 0.00 0.00 1.60 
Pycnanthemum tenuifolium N 0.00 0.00 0.61 4.10 8.61 5.41 27.00 0.01 
Pycnanthemum verticillatum N 0.00 0.00 0.00 0.00 0.00 2.51 13.41 1.60 
Pycnanthemum virginianum N 0.00 1.61 1.21 3.41 7.71 11.11 13.41 2.00 
Quercus macrocarpa N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Ratibida pinnata N 0.01 0.00 0.00 0.31 0.01 0.00 2.51 9.91 
Rhus glabura N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 1.91 
Rosa arkansana N 0.00 0.01 0.11 0.00 0.00 1.51 5.01 3.01 
Rosa multiflora E 0.01 0.01 0.01 0.01 0.01 0.61 18.21 11.51 
Rubus idaeus N 0.00 0.00 0.00 0.00 1.61 1.91 16.91 2.81 
Rudbeckia hirta N 0.00 0.00 1.61 0.90 8.31 5.71 3.41 1.91 
Rudbeckia subtomentosa N 0.00 0.00 0.00 0.00 0.00 0.00 0.30 2.11 
Ruellia humilis N 0.40 2.81 1.20 0.91 1.31 0.71 2.81 0.01 
Rumex altissimus N 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Rumex crispus E 0.01 0.01 0.00 0.30 0.00 0.00 0.01 0.00 
Schedonorus arundinacea E 92.01 45.61 89.71 89.71 88.40 87.41 17.81 0.00 
Schizachyrium scoparium N 0.00 65.11 0.00 0.00 1.60 8.61 1.91 9.51 
Setaria faberi E 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Setaria pumila E 57.81 26.31 4.11 7.91 14.91 13.00 0.00 0.00 
Silene antirrhina N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Silphium integrifolium N 0.00 0.00 0.00 0.00 0.00 0.00 25.01 0.01 
Silphium laciniatum N 0.00 0.00 0.01 0.00 0.00 0.00 0.00 3.51 
Sinapis arvensis E 0.01 0.30 0.01 0.10 0.01 0.01 1.20 0.00 
Sisybrium loeselii E 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Sisyrinchium campestre N 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.50 
Solanum carolinense N 12.11 3.81 0.61 1.50 4.11 5.11 0.31 0.10 
Solanum rostratum N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.01 
Solidago canadensis N 23.41 24.01 6.31 16.51 3.81 15.61 64.91 3.51 
Solidago missouriensis N 0.00 1.91 0.00 0.00 0.01 0.00 0.30 1.60 
Solidago nemoralis N 0.00 0.00 0.01 0.00 0.01 0.00 0.31 16.91 
Sonchus asper E 0.01 0.30 0.00 0.00 0.00 0.00 0.00 0.30 
Sorghastrum nutans N 0.00 17.11 0.61 0.00 0.01 0.00 51.81 49.11 
Spartina pectinata N 0.00 25.40 0.00 0.00 0.00 0.01 0.00 0.00 
Sporobolus clandestinus N 0.00 12.01 31.71 14.91 21.61 28.21 77.81 17.51 
Sporobolus heterolepis N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Symphoricarpos orbiculatus N 7.71 22.21 2.21 2.20 0.01 27.91 7.31 0.01 
Symphyotrichum ericoides N 0.01 16.50 4.11 1.50 4.81 4.81 8.91 37.00 
Symphyotrichum lanceolatum N 14.31 32.61 3.10 1.81 24.41 15.91 22.21 2.81 
Symphyotrichum novae-angliae N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
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Symphyotrichum oolentangiense N 0.00 0.00 0.00 0.00 0.00 0.00 5.71 0.00 
Symphyotrichum praealtum N 0.00 0.60 0.00 0.00 0.00 0.00 0.00 0.00 
Symphyotrichum spp. N 0.31 0.00 0.30 0.00 0.00 0.61 0.00 0.00 
Taraxacum officionale N 16.51 0.30 0.00 1.21 0.00 0.11 0.01 0.00 
Teucrium canadense N 0.01 0.00 0.01 0.00 0.01 0.00 7.61 0.00 
Thlaspi arvense E 0.01 0.00 0.01 0.00 0.31 0.00 0.00 0.00 
Toxicodendron radicans N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Tradescantia spp. N 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 
Tragopogon dubius E 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Tridens flavus N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.51 
Trifolium pratense E 5.71 0.30 6.71 12.70 3.21 0.01 1.60 0.00 
Trifolium repens E 56.91 7.01 7.91 6.61 14.91 1.91 0.00 0.01 
Triodanis perfoliata N 0.00 0.40 0.00 0.00 0.00 0.00 0.01 0.00 
Triosteum perfoliatum N 0.00 5.71 0.00 0.00 0.00 0.30 3.51 0.00 
Ulmus pumila E 0.01 0.01 0.00 0.01 0.30 4.21 0.01 3.21 
Verbena hastata N 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Verbena stricta N 2.51 0.01 0.01 0.01 0.01 0.00 0.00 0.00 
Verbena urticifolia N 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Vernonia baldwinii N 41.11 9.51 2.21 0.61 1.11 4.80 4.01 0.31 
Veronicastrum virginicum N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Viola pedatifida N 0.00 0.00 0.00 0.00 0.00 0.00 3.51 0.00 
Vitis vinifera N 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 
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Abstract 
Agricultural intensification is homogenizing agricultural landscapes throughout the 
world, leading to a decrease in biodiversity.  Methods for increasing heterogeneity in agro-
ecosystems may be essential to promoting and maintaining biodiversity.  Here we test the 
response of the butterfly community to patch-burn grazing, a method for increasing habitat 
heterogeneity in rangelands.  Patch-burn grazing works by applying fire to only a portion of the 
pasture each year, which influences grazing patterns by utilizing grazers’ preference for grazing 
in areas of fresh vegetation regrowth following fire.  In Midwestern U.S. grasslands, we compare 
this heterogeneous treatment to a treatment where fire and grazing are applied homogenously 
across the pasture.  Although the heterogeneous treatment had greater heterogeneity in terms of 
visual obstruction and the composition of litter and bare ground, the heterogeneous treatment had 
lower butterfly diversity.  We were unable to identify a mechanism to explain this disparity.  We 
relate our results to literature on butterfly diversity/habitat heterogeneity relationships and 
discuss potential causes for the lack of positive responses of butterflies to habitat heterogeneity 
including the scale of heterogeneity produced by our treatments, the importance of plant species 
composition for insects, the high proportion of exotic plant species on our pastures, and the 
abundance of generalist butterfly species found on our pastures.  We also investigated a 
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secondary hypothesis that pastures would have greater abundance and diversity of butterflies 
during the earliest sampling round within a season when pastures were not burned in their 
entirety but did not find the predicted differences between treatments.  These results highlight the 
importance of testing long held assumptions about positive habitat heterogeneity relationships 
and the effects of fire on butterflies. 
Introduction 
Biodiversity in agricultural landscapes throughout the world is threatened by the 
intensification of agricultural practices (Benton et al. 2003, Tscharntke et al. 2012).  Agricultural 
intensification has been attributed to biodiversity declines in birds (Green et al. 2005, Donald et 
al. 2006) and pollinators (Potts et al. 2010).  Intensive agricultural practices increase 
homogeneity at multiple scales: across the landscape, between tracts, and within tracts.  
Homogenization has been cited as a major mechanism responsible for biodiversity losses in 
agricultural landscapes (Swift et al. 2004).  The development of management techniques focused 
on increasing heterogeneity may be crucial for restoring and maintaining biodiversity in agro-
ecosystems (Benton et al. 2003).  Knowing how invertebrates respond is principal in this regard, 
due to their roles in agro-ecosystems, including pollination, pest control, and nutrient cycling 
(Altieri 1999). 
Since MacArthur and MacArthur (1961) first reported that bird diversity and foliage 
height diversity were positively correlated, numerous studies have found positive 
heterogeneity/diversity relationships for multiple taxa (Tews et al. 2004).  The habitat 
heterogeneity hypothesis posits that diversity is positively correlated with the complexity of the 
habitat, with more complex habitats providing a greater number of niches to be occupied 
(MacArthur and MacArthur 1961, Huston 1994).  The heterogeneity-diversity relationship has 
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become a central component in many ecological theories, and has been applied within a number 
of different disciplines including conservation (Benton et al. 2003, Lindenmayer et al. 2006), 
ecological restoration (Palmer et al. 1997), and rangeland management (Fuhlendorf and Engle 
2001). 
Patch-burn grazing has been proposed as a management tool for increasing habitat 
heterogeneity in rangelands based on the pyric-herbivory model (Fuhlendorf and Engle 2004, 
Fuhlendorf et al. 2010).  Using this technique, the spatial distribution of grazing pressure is not 
manipulated through fencing.  Instead, patch-burn grazing manipulates the distribution of 
grazing because large herbivores preferentially graze in areas that were recently burned (Vinton 
et al. 1993, Wilsey 1996, Archibald et al. 2005, Allred et al. 2011).  Within one growing season 
only discrete portions of a pasture are burned, which concentrates grazing within the recently-
burned patches, and gives other portions of the pasture a rest from the influences of both fire and 
grazing.  Patch-burn grazing increases heterogeneity in vegetation physical structure and plant 
community composition in a number of rangelands (Teague et al. 2010, McGranahan et al. 
2012b, Winter et al. 2012, Leis et al. 2013), with positive responses from multiple animal taxa 
(Engle et al. 2008, Coppedge et al. 2008, Doxon et al. 2011).  However, patch-burn grazing has 
not succeeded in creating desired vegetation responses in all studies (McGranahan et al. 2012b), 
nor has it always led to increased diversity of animals  (Debinski et al. 2011, Pillsbury et al. 
2011, Moranz et al. 2012). 
In terms of invertebrate conservation, patch-burn grazing has an added benefit in 
comparison to traditional, more homogenous management of grasslands for conservation, which 
is to provide refuge from fire.  Fire can potentially be harmful to butterflies that are often in egg 
or larval stages during the primary burn season (spring).  Some researchers have found evidence 
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supporting the negative effects of fire on prairie specialist butterflies (Swengel 1996, 1998, 
Swengel and Swengel 2007, Swengel et al. 2011), while others have found no effect (Panzer and 
Schwartz 2000, King 2003), or varying effects among different specialist species (Vogel et al. 
2007, Moranz et al. 2012).  Throughout the Upper Midwestern United States, prairie endemic 
butterflies are showing signs of declines; potentially due to fire management that is not 
conducive for butterfly conservation (Swengel et al. 2011).  Fire is often applied homogenously 
to a tract of land, which may be detrimental to invertebrates living within the tract (Swengel 
2001).  Swengel and Swengel (2007) found that tracts containing an unburned area showed 
trends of increased abundance of habitat sensitive butterflies when compared to tracts that were 
burned in their entirety.  The practice of leaving unburned portions of a grassland is being 
incorporated into management plans when conservation of invertebrates are a concern (Swengel 
et al. 2011).   
In this study, we test the responses of the butterfly community to a patch-burn grazing 
treatment by comparing it to a treatment with homogenous application of fire and grazing.  Our 
goal was to determine the utility of heterogeneous fire and grazing management to increase 
butterfly diversity and reduce fire mortality of butterflies as compared to a homogenous fire and 
grazing management practice.  In 2006, grassland tracts were selected for an experiment testing 
the utility of patch-burn grazing in the Grand River Grasslands of southern Iowa and northern 
Missouri.  The project was set up to measure the responses of plants, birds, and insects 
(particularly butterflies).  Over the first four years of the experiment (2006-2009) treatment 
responses were inconclusive for the plants, birds, and insects (Pillsbury et al. 2011, McGranahan 
et al. 2012b, Moranz et al. 2012).  The lack of insect response was attributed to the dominating 
effect of land use that existed before the study (Debinski et al. 2011).  Later analysis of data from 
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this study that examined trajectories over time showed composition of butterflies and plant 
functional groups of grazed tracts became more similar to reference tracts (high quality prairie 
remnants) over seven years (2007-2013) of the experiment (Chapter 3).  Additionally, 
management practices were fine-tuned.  For example, over the course of the project burn 
completeness increased, and the lag time between burns and cattle placement within the tracts 
was reduced (Scasta 2014).  Also, grassland obligate birds began to respond to treatments as 
predicted (greater diversity in the patch-burn graze treatment) in later years of the study 
(Duchardt 2014). In light of these changes, we set out to examine the response of butterflies to 
the grazing treatments over the four later years of the project (2010-2013). 
 We test the following hypotheses: 
i. Heterogeneous management will increase habitat heterogeneity as compared 
to homogenously managed pastures.   
ii. Heterogeneous management will increase butterfly species richness and 
diversity as compared to homogenously managed pastures, as predicted by the 
habitat heterogeneity hypothesis.  We also expected butterfly diversity to 
correlate positively with habitat heterogeneity. 
iii. The heterogeneously managed treatment should have greater butterfly 
abundance, richness, and diversity compared to the homogenously managed 
treatment, in the earliest sampling period, in a year when all sites are burned, 
because of the refuge from the effects of fire and grazing provided by the 
unburned patches in the patch burn graze treatment.    
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Methods 
Our research was performed from 2010-2013 in eight cattle pastures (research sites) that 
had been selected in 2006, with four pastures assigned to each of the two grazed treatments.  
Pastures ranged in size from 18 to 34ha.  Stocking rate averaged 2.07 (SD = 0.50) Animal Unit 
Months ha-1 over the four years.  Each pasture was delineated into three patches of 
approximately equal area.  In the patch-burn graze treatment one of the three patches was burned 
each year in a sequential pattern, resulting in a three-year fire return interval for each patch.  
Pastures in the homogenously managed treatment, termed graze-and-burn, were burned in their 
entirety every three years (2009 and 2012) and grazed every year.  Within each treatment one 
pasture was a reconstructed prairie (prairie seed mix planted into bare, tilled soil), while the other 
pastures were degraded pastures previously grazed by cattle with high canopy cover of exotic 
herbaceous species (59-88% in 2007), with tall fescue (Schedonorus arundinaceus) making up a 
large component of each of the pastures herbaceous canopy cover (31-60% in 2007).  Percent 
cover of each plant species found on each pasture in 2010 is provided in Supplementary Table 1. 
To better understand the relationship between butterflies and habitat heterogeneity we 
selected three measures of habitat heterogeneity that we believe may have a positive effect on 
butterfly diversity and are likely to respond differently to our two treatments: 1) the traditional 
assessment of physical habitat structure measured by visual obstruction (vegetation height), 2) 
the composition of two variables thought to be important for overwintering (canopy cover of 
litter and bare ground), and 3) the composition of two cover variables representing adult 
resources (canopy cover of forbs and legumes).  We expected structural heterogeneity to exhibit 
greater differences among patches within the patch-burn graze treatment because cattle would 
spend more time grazing in the recently burned patch, which has been demonstrated in other 
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patch-burn grazing studies (Fuhlendorf and Engle 2004, Fuhlendorf et al. 2006, Leis et al. 2013).  
We anticipated the cover of litter and bare ground and the cover of forbs and legumes to differ 
among patches in the patch-burn graze treatment because the interaction of fire and grazing alters 
forb cover in tallgrass prairie (Fuhlendorf and Engle 2004, Towne et al. 2005), and fire consumes 
litter, resulting in increased cover of bare ground.   
Habitat data were collected in mid-July each year using thirty 0.5m2 quadrats per patch 
arranged along three transects, resulting in a total of 90 quadrats per pasture (Pillsbury et al. 
2011).  Habitat heterogeneity variables measured included visual obstruction using a Robel pole 
(Robel et al. 1970), cover of litter and bare ground underneath the vegetation canopy, and canopy 
cover of six functional groups of plants: warm-season grasses (C4), cool-season grasses (C3), 
non-leguminous forbs, leguminous forbs, woody plants, and tall fescue (Schedonorus 
arundinaceus).  We separated out tall fescue from the other cool-season grasses because this 
species was an invasive grass species that was very abundant on the majority of our cattle 
pastures.  We estimated the canopy cover of each functional group using the percent canopy 
cover midpoints of the following intervals:  0–5, 6–25, 26–50, 51–75, 76–95, and 96–100 
(Daubenmire 1959).  Functional group measurements were rough estimates designed to quickly 
sample plant functional group cover over a large area of our research pastures. 
Butterfly abundance was sampled from two permanent butterfly transects in each patch (6 
transects per pasture), twice per year to cover the two major butterfly emergence periods in our 
region (mid-June and late-July).  Transects were 100m in length and sampled using a modified 
“Pollard walk” Method (Pollard 1977).  Observers walked the 100-m transect at a steady pace 
(~10m/min) and recorded butterflies seen within a 5x5m area in front of the observer.  Butterflies 
were identified to the species level on the wing where possible.  Alternatively, they were 
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captured and identified in the field or lab.  Surveys were conducted between 0930-1830h when 
the sun was not obscured by clouds, wind was <16km/hr, and temperature was between 21-35°C.  
Butterfly data and habitat data were collected from separate transects to minimize the effect of 
habitat sampling on butterflies and to allow for habitat transects to cover a larger area of each 
patch to get a better representation of the habitat.  
Structural heterogeneity was calculated using the coefficient of variation (Cv = σ/µ) of 
mean visual obstruction at two different scales.  First, structural heterogeneity created by the 
patch-burn grazing treatment was calculated from the mean visual obstruction for each patch (30 
points/patch), and the coefficient of variation represents variation among the three patches for 
each pasture.  Second, fine-scale (point) structural heterogeneity was measured using the 
coefficient of variation of each individual pole based on the reading from each of the cardinal 
directions (4 readings/pole) around the pole (~4m) and these coefficient of variation values were 
then averaged for each pasture (90 points per pasture).  Fine-scale structural heterogeneity is 
potentially useful if butterflies respond to fine-scale heterogeneity (<5m), which has been 
demonstrated in some studies (Dennis et al. 1998, Jerrentrup et al. 2014).  Positive relationships 
between butterflies and habitat heterogeneity at larger scales (1ha -1km2), similar to our patch-
burn graze treatment, have been found in other studies (Tews et al. 2004).  Finally, we expect 
butterflies to respond to heterogeneity of forbs and legumes and litter and bare ground because 
forb and litter cover has been shown to be major predictors of butterfly diversity (Shepherd and 
Debinski 2005). 
Multivariate Dispersion was used to calculate habitat heterogeneity among patches for 
the composition of forbs and legumes, and litter and bare ground.  Multivariate Dispersion can 
be used as a measure of beta diversity based on the mean distance to group centroid in 
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multivariate space (Anderson et al. 2006).  For the analysis in this paper, mean distance to 
centroid is calculated for each pasture from each of the three patches within a pasture.  Bray-
Curtis Dissimilarity was used as the dissimilarity measure.  For the cover of forbs and legumes, 
and litter and bare ground, the average cover measurements of each patch (30 quadrats/patch) in 
each pasture at each year was calculated and followed by the calculation of Multivariate 
Dispersion among patches using the betadisper function in the vegan package (Oksanen et al. 
2011) in R (R Development Core Team 2010).   
Tests for difference in habitat heterogeneity measures among treatments were conducted 
using linear mixed-effects models via the lme function in the nlme package in R with treatment 
and year as fixed effects and pasture as a random effect to account for repeated measures over 
time (Pinheiro et al. 2013).  A year by treatment effect was tested for each analysis and removed 
if not significant.  Year effects are reported only if significant. 
Butterfly richness (number of species) and diversity (Shannon’s eH’) was calculated from 
the seasonal total of butterflies observed within each pasture (2 sampling rounds on six transects 
within a pasture).  Beta diversity was calculated via Multivariate Dispersion by calculating the 
mean distance to centroid from each of the three patches within a pasture, using the total counts 
of butterflies summed over two sampling rounds from the two transects within each patch.  Here 
it is important to distinguish alpha diversity (the richness or Shannon’s eH’ within a site) from 
beta diversity (the turnover of species identities and abundances across space), because beta 
diversity is not always well understood (Martin and Wilsey 2014).   Specifically, we used beta 
diversity to quantify turnover in species composition among patches within each pasture.  A 
higher level of beta diversity in one treatment over the other would indicate that some species are 
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found more commonly in specific patches (e.g. the most recently burned patch).  Tests for 
differences among treatments were conducted in the same manner as for habitat heterogeneity. 
Regression was used to test for correlations between butterfly diversity and the three 
measures of habitat heterogeneity, along with the fine-scale (point) measure of habitat 
heterogeneity.  Correlations were tested for significance using the lme function in R, using 
pasture as a random effect to account for repeated measures over time.  Year and treatment were 
included as covariates in each of the models.  A year by treatment interaction and a treatment by 
each explanatory value interaction were tested and excluded if insignificant.   
To test for an advantage of providing unburned patches within the patch-burn graze 
treatment, the counts of butterflies were used only from the first (earliest in the season) round of 
sampling in 2012, the only year where all sites were burned within the time frame of this 
analysis.  Only the first round of sampling was used to limit time since fire to reduce the chances 
of butterflies migrating in from unburned grasslands adjacent to our study pastures.  Total 
abundance of butterflies for each pasture was calculated from all six transects in the first 
sampling round, and used to calculate richness and Shannon’s eH’.  Although the patch-burn 
graze pastures have a patch burned each year, multiple years were not used in this analysis 
because the graze-and burn sites are all burned within the same year and butterflies fluctuate 
yearly (Pollard 1988). Tests for differences in abundance, richness, and Shannon’s eH’ were 
conducted using the analysis of variance via the aov function in R.  Additionally, we tested 
whether abundance, richness, or Shannon’s eH’ differed significantly among patches in the patch-
burn graze treatment based upon time since each patch was burned for all years (2010-2013) 
using linear mixed-effects models via the lme function in the nlme package in R with year as a 
fixed effect and patch nested within pasture as the random effect. 
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Results 
We hypothesized that we would find greater habitat heterogeneity in the heterogeneously 
managed treatment and found significant differences between treatments for two of our three 
measures of habitat heterogeneity (Figure 1).  Heterogeneity of visual obstruction and the 
composition of cover of litter and bare ground was significantly greater in the patch-burn graze 
treatment (F(1,6) = 6.20, p = 0.047; Figure 1:A, and F(1,6) = 59.39, p <0.0003; Figure 1:B, 
respectively).  However, heterogeneity in cover of forbs and legumes did not differ among 
treatments (F(1,6) = 0.78, p = 0.41; Figure 1:C).   
Butterfly responses were inconsistent with our predictions based on the habitat 
heterogeneity hypothesis (Figure 2).  Butterfly richness did not differ significantly among 
treatments (F(1,6) = 3.34, p = 0.12; Figure 2:A).  Butterfly diversity (as measured by Shannon’s 
eH’ was lower in the patch-burn graze treatment (F(1,6) = 6.14, p = 0.048; Figure 2:B), with a 
significant year effect (F(1,23) = 19.78, p < 0.0002), with no significant year by treatment 
interaction.  See Table 1 for yearly means for Shannon’s eH’ and all following response variables 
which had significant year effects.  Butterfly β-diversity (as measured by multivariate dispersion) 
also did not differ among treatments (F(1,6) = 2.39, p = 0.17; Figure 2:C), and also showed a 
significant year effect (F(1,23) = 14.17, p = 0.0010), with no significant year by treatment 
interaction.   
Heterogeneity of visual obstruction was not significantly correlated with butterfly 
Shannon’s eH’ when heterogeneity was calculated as the coefficient of variation in visual 
obstruction among patches (t(22) = -0.18, p = 0.86) or when heterogeneity was calculated as the 
average coefficient variation in visual obstruction around readings from Robel poles (t(22) = -
0.87, p = 0.39).  Both models showed significant year effects (t(22) = -4.10, p = 0.0005, and t(22) = 
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-3.10, p = 0.005, respectively), with no significant year by treatment interactions (yearly means 
for Shannon’s eH’ of butterflies provided in previous paragraph).  Butterfly Shannon’s eH’ was 
not correlated with heterogeneity in cover of forbs and legumes (t(22) = -0.14, p = 0.89) or cover 
of litter and bare ground (t(22) = -1.22, p = 0.24).  Both models also showed significant year 
effects (t(22) = -4.32, p 0.0003; and t(22) = -4.25, p = 0.0003, respectively), with no significant year 
by treatment interactions (yearly means for Shannon’s eH’ of butterflies provided in previous 
paragraph).   
For our study sites we found no evidence for a benefit to the conservation practice of 
leaving unburned patches within the pasture, based on measures of butterfly abundance, richness, 
and diversity (Figure 3). When measured at the pasture level, abundance and richness of 
butterflies showed no difference among treatments (F(1,6) = 0.89, p = 0.38; and F(1,6) = 3.13, p = 
0.13, respectively, Figure 3:A and Figure 3:B).  Butterfly Shannon’s eH’ at the pasture level was 
significantly lower in the patch-burn graze treatment (F(1,6) = 9.00, p = 0.024; Figure 3:C), and 
this was consistent with the pattern we saw across all years in the patch-burn graze treatment.  
There were no significant differences between treatments when only grassland specialist 
butterfly abundance (Atrytone logan, Lycaena dione, Speyeria cybele, and Speyeria idalia) was 
measured at the pasture level (GAB: xˉ = 5, SD = 1.83, PBG: xˉ = 2.5, SD = 2.52; F(1,6) = 2.59, p = 
0.16). 
Finally, abundance, richness, and Shannon’s eH’ did not differ among years since each 
patch was burned in the patch burn graze treatment (F(2,33) = 0.21, p = 0.81; F(2,33) = 0.49, p =  
0.62; F(2,33) = 1.47, p = 0.25, respectively, Figure 4).  Abundance and Shannon’s eH’ both 
exhibited significant year effects (F(1, 33) = 27.67, p < 0.0001 and F(1,33) = 24.41, p < 0.0001, 
respectively). 
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Discussion 
Patch-burn grazing succeeded in creating habitat heterogeneity as measured by the 
coefficient of variation in visual obstruction and the Multivariate Dispersion of cover of litter and 
bare ground.  A number of studies implementing patch-burn grazing have also found evidence 
for increased heterogeneity of visual obstruction (Fuhlendorf and Engle 2004, Fuhlendorf et al. 
2006, Leis et al. 2013).  However, our treatments did not create habitat heterogeneity in terms of 
heterogeneity of forb and legume cover.  Fuhlendorf and Engle (2004) found greater 
heterogeneity in forb cover among patches in a patch-burn graze treatment compared to a 
heterogeneously managed treatment (grazing with no fire).  A possible explanation for the lack 
of response of forbs in our study is the large abundance of exotic species at our sites, which 
could exhibit different responses to the pyric-herbivory model than the native counterparts.     
The butterfly community did not respond as predicted by the habitat heterogeneity 
hypothesis.  Patch-burn grazing did not lead to an increase in richness or beta diversity, and the 
patch-burn graze treatment had lower Shannon’s diversity compared to the homogenously 
managed treatment.  Our results run contrary to positive relationships of insect diversity to 
structural heterogeneity reported elsewhere.  For instance, Engle et al. (2008) found greater 
abundance of some invertebrate orders and a wider range of invertebrate biomass (higher 
biomass in unburned (transitional patches) and lower biomass in recently burned patches) in 
patch-burn graze vs. homogenously managed pastures.  However, in that study, lepidopterans did 
not differ between treatments.   
The disparity between our results and the predictions of the habitat heterogeneity 
hypothesis, along with the lack of positive correlations between butterfly diversity and habitat 
heterogeneity measures, suggests that other measures of habitat heterogeneity may need to be 
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investigated for butterflies, or that a more appropriate spatial scale needs to be identified for 
butterflies to show a positive response to structural heterogeneity.  We examined the variation in 
compositional measurements among patches within a pasture (9.5 ha patches within ~28 ha 
pastures) and measured variation in visual obstruction both among patches within a pasture and 
the pasture average of reading around each of the 90 visual obstruction readings (~4 m around a 
Robel pole).  Habitat heterogeneity has been found to positively correlate with butterfly diversity 
at both fine (Dennis et al. 1998, Jerrentrup et al. 2014) and coarse scales (Debinski and Brussard 
1994, Baz and Garcia-Boyero 1995, Kerr 2001), while others have failed to detect a positive 
relationship between habitat heterogeneity and butterfly diversity (Hill et al. 1995, Hamer et al. 
2003).   
Another possible source of lack of correlation is that the measurements for visual 
obstruction and cover were taken from transects at different locations than the butterfly transects 
within each pasture.  However, we expect our measurements to be representative of a pasture 
despite their location within a pasture and both habitat heterogeneity and butterfly diversity are 
summarized at the pasture level.  Additionally, previous analyses conducted at the pasture level 
showed strong correlations between butterflies and functional group cover at our study sites 
(Chapter 2) and plant functional group cover and butterflies showed similar trajectories toward 
reference communities over the course of the entire project (Chapter 3), despite the plant and 
butterfly data coming from transects that were not adjacent. 
The majority of work on animal responses to heterogeneity in grasslands has focused on 
birds, which show strong responses to structural heterogeneity (Cody 1985, Fuhlendorf et al. 
2006, Coppedge et al. 2008).  However, plant community composition may be a superior 
predictor of invertebrate community structure than structural heterogeneity.  Indeed, Schaffers et 
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al. (2008) found plant species composition to be a better predictor than visual obstruction, flower 
richness, landscape composition and environmental data for the seven arthropod taxa they 
measured.  However, neither compositional heterogeneity (measured by Multivariate Dispersion 
among patches within a pasture) of plants species or plant functional groups differed between our 
two treatments (data not presented).   
Our heterogeneously managed treatment is based on the pyric-herbivory model that seeks 
to restore the historic fire grazing interaction.  However, it is necessary to note that our pastures 
are not reminiscent of historical systems because they have a high proportion of exotic plant 
species.  In addition to these exotic plant species, the butterfly communities on our cattle 
pastures tend to be more dominated by generalist butterfly species while remnants harbor more 
habitat sensitive species.  Perhaps greater differences in butterfly diversity among treatments 
would be observed in more native systems with more habitat sensitive butterflies. 
In addition to enhancing diversity through heterogeneity in vegetation physical structure 
or composition, we also expected the heterogeneous treatment to benefit butterfly abundance and 
diversity due to the unburned refuge from fire provided by the patch-burn graze treatment.  We 
found no evidence that the refuge from fire created by unburned patches within a pasture resulted 
in increased butterfly abundance or diversity within heterogeneously managed pastures.  Also, 
we observed no difference in butterfly abundance or diversity among patches within the patch-
burn graze treatment in terms of years since burn, which may not be surprising considering the 
vagility of butterflies.  Perhaps the most likely explanation for the lack of fire response between 
the two treatments is landscape context.  Our sites lie within a region of the upper Midwest that 
is unique because of the amount of contiguous grassland cover on the landscape.  In 2012 the 
estimated percent cover of grassland surrounding our pastures was xˉ = 6.38% SD = 10.65 at 
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300m and xˉ = 56.9% SD = 7.56 at 1000m buffers (see Duchardt (2014) for methods).  This 
contiguous grassland surrounding our pastures could be providing butterflies to inhabit our 
pastures following fire.  This landscape is starkly different from other landscapes of the upper 
Midwest where negative effects of fire have been observed, where crop fields and forests 
dominate the matrix (Swengel 1996, 1998, Swengel and Swengel 2007). 
Response of prairie butterflies to fire in our region have focused primarily on prairie 
specialists.  Of the 19 butterfly species observed in the first round of sampling of 2012, four are 
categorized as prairie specialist butterflies (Atrytone logan, Lycaena dione, Speyeria cybele, and 
Speyeria idalia) and their total abundance did not differ among treatments.  Negative responses 
of grassland specialist butterflies to fire have been common, but not been ubiquitous, within the 
literature.  For example, King (2003) found no effect of burn treatments on the federally 
endangered Karner Blue butterfly (Lycaeides melissa samuelis), and Moranz et al (2014) found 
Regal Fritillary (Speyeria idalia) abundance increased at the patch-scale following fire. 
The lack of fire response in our study could also be attributed to either the novelty of our 
grasslands (high proportion of exotic species) or the response of fire to the effects of grazing.  
For instance, exotic species in the tallgrass prairie ecoregion tend to green up earlier in the 
season (Wilsey et al. 2011), which can reduce fire spread and could result in small scale fire 
refuges (McGranahan et al. 2012a).  Similarly, grazing creates areas of low vegetation height 
referred to as grazing lawns, that could reduce fire spread via a reduction in fuel (Leonard et al. 
2010).  Small scale refuges from fire within the homogenously burned treatment created by 
either grazing lawns or patches of vegetation that greened up early in the season or both could 
have contributed to the lack of response between treatments observed in this study. 
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Future research should identify the scale of structural heterogeneity that butterfly 
diversity responds (if one exists) or to identify more appropriate habitat heterogeneity predictors 
for butterflies, such as overall plant composition, in order to increase butterfly diversity in 
agricultural systems.  Despite their long history within ecological theory, habitat 
heterogeneity/species diversity relationships are still not well understood and require further 
experimental and observational investigations.  Our understanding of the effect of fire on 
butterflies needs further refinement as well, because some have identified clear negative 
responses to fire (Swengel 1996, 1998, Swengel and Swengel 2007, Swengel et al. 2011), while 
others have not (Panzer and Schwartz 2000, King 2003, Vogel et al. 2007, 2010, Moranz et al. 
2012, 2014).  A better understanding of matrix suitability, within-tract fire behaviors, fire 
intensity effects, and experimental tests of such effects on butterflies may be needed to fully 
resolve these issues. 
Conclusion 
 Patch-burn grazing increased heterogeneity of some of the habitat variables we measured, 
but neither richness nor diversity of the butterfly community responded to our treatments as 
predicted.  Our study investigated only the response of butterflies, and by no means negates the 
utility of patch-burn grazing for other animal taxa or butterflies in other regions.  Patch-burn 
grazing has been demonstrated to benefit multiple taxa, including various insect taxa.  However, 
our research demonstrates the importance of monitoring and testing for desired outcomes of 
different management practices on a variety of taxa.  This research highlights a cross-taxonomic 
management tradeoff where techniques targeted at one or a few taxa may not translate to similar 
responses in other taxa.  Monitoring ecological responses to grassland management from a broad 
range of taxonomic perspectives is thus warranted. 
71 
 
Acknowledgements 
This research was supported by the Oklahoma Agricultural Experiment Station, Iowa 
Department of Natural Resources, and the Iowa Agricultural and Home Economics Experiment 
Station.  Funding for this project was through the Iowa State Wildlife Grants program grant T-1-
R-15 in cooperation with the U. S. Fish and Wildlife Service, Wildlife and Sport Fish 
Restoration Program.  We wish to thank Jason Burkum, Anna Holtermann, Jacob Mortensen, 
Ben Nagel, Calla Olson, Toni Proescholdt, and Shannon Rusk for their work in the field, and 
special thanks to Ryan Harr for managing almost every field aspect of our research project.  
Finally, we pay our respects to the late Sheri Svehla for initiating our work in the field and the 
lab. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
72 
 
Table 1: Yearly means and standard deviation for all response variables which exhibited 
significant year effects.  The last two response variables were the abundance and Shannon’s eH’ 
on patches within the patch-burn graze (PBG) treatment only.  Significant year effects were 
expected in our analyses because butterfly species abundances commonly fluctuate yearly. 
 2010 2011 2012 2013 
Response Variable Mean SD Mean SD Mean SD Mean SD 
Shannon's eH’ 2.04 0.23 1.61 0.3 1.51 0.38 1.44 0.26 
Beta Diversity 0.27 0.06 0.29 0.1 0.21 0.07 0.18 0.06 
Abundance (PBG Patches) 19.75 11.94 16.41 7.4 21.42 7.13 41.17 10.02 
Shannon's eH’ (PBG Patches) 5.7 1.81 4.05 1.5 3.25 0.83 3.23 0.57 
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Figure 1:  Difference in habitat heterogeneity between treatments using the following measures: 
A) coefficient of variation (CV) among patches in visual obstruction, B) mean distance to 
centroid (MDC) in composition of litter and bare ground among patches, C) mean distance to 
centroid (MDC) in composition of forbs and legumes among patches.  An asterisk is presented at 
the top center of each graph if the two treatments differed significantly.  Error bars depict the 
standard error of the mean.  Data are from years 2009-2012. 
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Figure 2: Butterfly community response to treatments, GAB = Graze-and-burn and PBG = 
Patch-burn graze.  Data presented are the means of total abundance of butterflies across pastures 
and years (2010-2013).  A) total number of butterfly species (richness) observed within a pasture 
each year, B) diversity (Shannon’s eH’ ) of butterflies at a pasture within each year, and C) β 
diversity calculated as mean distance to centroid among the three patches within a pasture, using 
multivariate dispersion (see methods).  An asterisk is presented at the top center of each graph if 
the two treatments differed significantly.  Error bars depict the standard error of the mean. 
 
 
Figure 3: Butterfly community response to refuge from fire by treatment, GAB = Graze-and-burn 
and PBG = Patch-burn graze.  Each measure is calculated as pasture totals from only the first 
round of sampling in 2012 for A) abundance, B) richness, and C) Shannon’s eH’.  An asterisk is 
presented at the top center of each graph if the two treatments differed significantly.  Error bars 
depict the standard error of the mean among pastures. 
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Figure 4: Average A) abundance, B) richness, and C) Shannon’s eH’ within patches of the patch-
burn graze treatment from 2010-2013.  Patches are separated by the number of years since they 
have been burned within each year, with zero being the patch that was burned in each year.  
There were no significant differences between years since burn.  Error bars depict the standard 
error of the mean. 
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Supplementary Table 1: Maximum percent cover of each plant species found at each tract from 
six Whittaker plots in 2010 (see method in Chapter 2 for collection of data from Whittaker 
plots).  Origin indicates whether species are native (N) or exotic (E).  Sites are presented in three 
letter abbreviations and grouped by each treatment.  Additional site details are provided in Table 
1 in Chapter 2. 
 
O
ri
g
in
 Graze-and-burn Patch-burn graze 
Scientific Name GIL LTR PYW STR KLN PYN PYS RIS 
Acalypha virginica N 0.01 0.61 0.30 0.01 2.11 0.30 1.51 1.81 
Achillea millefolium N 0.01 11.41 5.71 0.01 8.91 0.61 3.41 0.91 
Agalinis auriculata N 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.61 
Agrimonia striata N 0.00 0.01 0.30 0.00 0.01 0.01 0.01 1.90 
Agrostis stolonifera E 3.51 2.51 16.61 5.11 0.00 9.51 4.81 20.01 
Allium canadense N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Ambrosia artemisiifolia N 16.21 65.31 11.71 26.91 2.51 76.91 53.91 50.91 
Ambrosia bidentata N 0.00 0.00 63.01 0.01 0.00 5.70 38.61 0.00 
Ambrosia trifida N 0.01 0.01 0.00 0.01 0.01 0.01 0.00 1.60 
Amorpha canescens N 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Andropogon gerardii N 0.00 12.91 7.61 0.01 2.21 0.01 53.01 0.30 
Anemone canadensis N 0.30 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Anemone spp. N 0.01 0.01 4.11 0.00 0.00 1.21 3.81 10.81 
Antennaria neglecta N 0.00 0.60 38.61 0.01 0.01 1.90 23.51 3.11 
Apocynum cannabinum N 0.00 0.01 0.01 0.00 0.31 0.01 0.30 0.00 
Aristida oligantha N 0.00 0.01 34.81 20.91 0.00 26.01 48.01 53.01 
Asclepias hirtella N 0.00 0.00 0.00 0.01 0.01 0.01 0.61 0.01 
Asclepias sullivantii N 0.00 0.01 0.00 0.00 0.30 0.00 0.00 0.00 
Asclepias syriaca N 0.01 0.01 0.01 0.30 0.01 0.01 0.01 0.01 
Asclepias tuberosa N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Asclepias verticillata N 1.91 0.60 2.21 0.01 0.00 0.30 0.30 1.90 
Baptisia alba N 0.00 0.01 0.01 0.01 0.00 0.00 7.31 0.01 
Barbarea  vulgaris E 0.00 0.30 0.00 9.51 0.30 0.01 0.00 0.00 
Bidens spp. N 0.01 0.01 0.01 33.21 1.91 0.01 0.31 0.01 
Bouteloua curtipendula N 0.00 0.00 0.30 3.11 0.00 0.00 0.00 0.00 
Brickellia eupatorioides N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Bromus inermis E 9.81 20.41 19.11 0.60 60.51 16.81 6.31 1.51 
Bromus japanicus E 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.00 
Calystegia sepium N 0.01 0.00 0.01 5.41 0.00 0.01 0.01 0.01 
Cardamine bulbosa N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Carduus nutans E 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
Carex spp. N 27.34 96.79 76.35 75.50 5.02 72.83 61.85 63.26 
Carya ovata N 0.00 3.81 0.00 0.00 0.00 0.00 0.00 0.00 
Carya spp. N 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 
Chamaecrista fasciculata N 0.00 3.21 7.61 1.61 0.01 0.01 2.81 0.91 
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Supplementary Table 1 (Continued) 
 
O
ri
g
in
 Graze-and-burn Patch-burn graze 
Scientific Name GIL LTR PYW STR KLN PYN PYS RIS 
Chamaesyce glyptosperma N 0.00 0.01 0.00 0.01 0.30 0.00 0.00 0.00 
Chamaesyce prostrata N 0.00 0.61 0.00 0.00 0.30 0.00 0.00 1.21 
Chamaesyce serpyllifolia N 0.00 0.00 0.00 0.31 0.00 0.01 0.61 0.00 
Chrysanthemum leucanthemum E 0.00 0.00 5.01 0.00 0.30 8.61 7.31 0.61 
Cichorium intybus E 29.71 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Cirsium altissimum N 0.01 0.30 0.00 0.01 0.30 0.00 0.00 0.91 
Cirsium discolor N 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 
Cirsium spp. N 0.00 0.01 0.00 0.31 0.01 0.00 0.00 0.00 
Cirsium vulgare E 0.01 0.00 0.00 0.30 0.01 0.00 0.00 0.01 
Convolvulus arvensis E 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Conyza canadensis N 0.00 0.30 0.00 0.01 0.01 1.61 0.01 0.01 
Coreopsis tripteris N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Cornus spp. N 0.00 0.00 0.30 0.00 0.00 0.01 0.01 11.71 
Croton texensis N 2.21 0.01 0.01 0.00 0.00 5.71 6.01 4.41 
Cynodon dactylon E 0.00 0.00 3.11 0.00 0.00 0.00 0.00 0.00 
Cyperus esculentus N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Dactylis glomerata E 21.31 0.00 5.71 26.01 3.41 13.41 3.81 4.41 
Dalea purpurea N 0.00 0.00 0.00 0.30 0.01 0.00 0.00 0.00 
Daucus carota E 32.31 16.91 27.01 21.01 20.41 43.91 21.31 12.11 
Desmanthus illinoensis N 0.01 1.90 0.01 1.90 0.00 0.01 0.01 8.91 
Desmodium canadense N 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.01 
Dianthus armeria E 0.30 0.31 0.90 0.30 3.41 0.30 0.60 0.30 
Dicanthelium spp. N 0.61 29.41 13.41 13.41 6.91 24.41 33.91 29.21 
Digitaria cognata N 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.60 
Digitaria ischaemum E 58.01 8.61 23.51 46.11 0.31 60.51 43.31 38.31 
Echinacea pallida N 0.00 0.00 0.00 0.00 0.01 0.00 0.61 0.31 
Echinochloa crus-galli E 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Elymus canadensis N 0.00 0.00 0.00 0.60 0.00 0.00 0.00 0.00 
Eragrostis spectabilis N 0.01 0.31 0.60 3.21 8.91 1.90 7.61 16.21 
Erigeron annuus N 0.01 5.41 0.60 0.90 2.51 2.51 0.91 0.30 
Erigeron strigosus N 0.30 0.01 1.81 0.61 0.61 1.51 4.11 0.61 
Eryngium yuccifolium N 0.00 0.00 0.00 0.00 2.21 0.00 0.00 0.00 
Eupatorium altissimum N 0.00 0.00 0.01 7.01 0.01 0.01 0.01 0.01 
Euphorbia corollata N 0.00 0.00 0.30 0.00 0.00 0.00 0.90 0.01 
Euthamia graminifolia N 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
Fragaria virginiana N 0.00 2.50 7.61 0.00 0.00 0.91 3.41 14.51 
Fraxinus americana N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Fraxinus spp. N 0.01 0.30 0.00 0.01 0.00 0.00 0.00 1.60 
Galium boreale N 0.01 3.41 0.00 3.81 0.60 0.00 0.00 0.01 
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Galium obtusum N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Gaura biensis N 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 
Gentiana alba N 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.01 
Gentiana clausa N 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.00 
Gentiana puberulenta N 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.00 
Geranium maculatum N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Gledista triacanthos N 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 
Helianthus grosseserratus N 0.00 0.00 0.01 0.00 0.30 0.00 0.00 0.00 
Helianthus maximiliani N 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Hypericum perforatum E 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 
Hypericum punctatum N 0.00 0.30 0.01 0.00 0.01 0.00 0.00 0.30 
Juniperus virginiana N 0.01 0.00 0.30 0.01 0.00 0.00 0.00 0.01 
Kummerowia striata E 0.00 6.91 33.91 2.21 0.00 35.81 58.31 1.51 
Lactuca canadensis N 0.01 2.20 0.00 0.01 1.60 0.00 0.00 0.01 
Lactuca serriola E 0.01 2.51 0.00 1.60 0.00 0.01 0.00 0.01 
Lepidium densiflorum N 0.01 0.00 0.01 0.01 0.01 0.00 0.31 0.00 
Lepidium virginicum N 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
Lespedeza capitata N 0.00 0.01 0.00 0.00 3.41 0.00 0.00 0.01 
Liatris aspera N 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.31 
Linum medium N 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Linum sulcatum N 0.00 0.00 0.30 0.00 0.00 0.00 0.00 0.00 
Lobelia siphilitica N 0.00 0.01 0.00 1.91 0.00 0.00 0.00 0.01 
Lobelia spicata N 0.00 0.01 0.01 0.01 0.31 2.51 3.11 0.30 
Lotus corniculatus E 27.01 1.90 25.71 45.51 2.80 17.81 20.41 50.81 
Lycopus americanus N 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Maclura pornifera N 0.01 0.01 0.01 0.01 0.00 13.61 0.01 1.60 
Medicago lupulina E 4.81 3.51 3.81 4.71 5.11 0.61 0.30 3.21 
Melilotus spp. E 0.01 0.01 0.60 0.01 7.01 0.31 0.30 0.01 
Monarda fistulosa N 9.21 15.31 0.01 35.51 1.90 0.01 0.01 12.81 
Morus rubra N 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 
Muhlenbergia schreberi N 8.21 0.00 0.60 10.21 0.00 0.00 1.51 22.81 
Nepeta cataria E 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.00 
Oenothera biennis N 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 
Oligoneuron rigidum N 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 
Onopordum acanthium E 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Oxalis dillenii N 0.60 1.90 0.30 1.90 0.60 1.51 0.90 0.30 
Oxalis violacea N 0.00 0.00 0.30 0.00 0.00 0.00 0.00 0.00 
Packera plattensis N 0.00 0.30 0.00 0.00 0.00 0.00 0.30 0.00 
Panicum capillare N 0.00 0.00 0.00 0.01 0.30 0.30 0.00 0.00 
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Panicum virgatum N 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 
Parthenocissus quinquefolia N 0.00 0.00 0.00 17.71 0.00 0.01 0.01 0.00 
Paspalum setaceum N 5.41 20.41 4.11 0.01 0.00 41.11 11.71 1.60 
Pastinaca sativa E 0.30 0.00 0.00 0.01 4.41 0.00 0.00 0.00 
Phalaris arundinaceae N 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Phleum pratense E 0.01 0.30 0.01 0.01 0.91 0.61 0.00 0.00 
Physalis heterophylla N 0.01 0.01 0.01 3.20 0.01 0.00 0.00 0.01 
Physalis longifolia N 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 
Physalis longifolia subglabrata N 0.00 0.00 0.01 0.00 0.00 0.30 0.00 0.30 
Physalis virginiana virginiana N 1.90 0.01 0.60 0.01 1.60 0.30 0.00 0.00 
Plantago lanceolata E 27.21 0.91 0.30 9.51 0.00 5.61 0.91 0.31 
Plantago major E 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
Plantago rugelii N 2.51 0.01 0.01 1.90 0.31 0.01 0.30 0.31 
Poa pratensis E 23.51 36.11 46.11 19.11 17.81 19.11 9.21 33.61 
Polygala sanguinea N 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Polygonatum biflorum N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Polygonum pensylvanicum N 0.00 0.00 0.00 10.81 0.01 0.00 0.00 0.00 
Potentilla simplex  N 0.91 1.21 0.61 0.30 0.01 0.60 1.51 0.31 
Prunella vulgaris N 0.01 5.11 1.21 0.01 2.21 2.50 0.61 9.81 
Prunus spp. N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Pseudognaphalium obtusifolium N 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Pycnanthemum tenuifolium N 0.00 1.90 6.61 0.00 1.90 13.11 12.01 13.31 
Pycnanthemum verticillatum N 0.00 0.01 0.00 0.00 2.11 0.00 0.00 3.21 
Quercus imbricaria N 0.00 3.81 0.01 0.00 0.00 0.00 0.00 0.01 
Quercus macrocarpa N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Ratibida pinnata N 0.00 0.01 1.90 0.00 5.41 0.01 0.01 0.01 
Rosa arkansana N 0.00 1.91 0.61 0.00 0.00 0.01 0.01 7.31 
Rosa multiflora E 0.01 0.01 0.01 13.00 0.01 0.01 0.01 0.01 
Rubus idaeus N 0.00 0.00 0.00 0.00 0.01 0.00 1.91 1.60 
Rudbeckia hirta N 0.00 0.00 0.31 0.30 0.91 1.81 0.61 4.11 
Ruellia humilis N 0.91 2.81 2.80 3.41 0.00 0.31 1.21 1.51 
Rumex altissimus N 0.00 0.01 0.00 0.00 0.00 0.31 0.00 0.00 
Rumex crispus E 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
Schedonorus arundinaceus E 69.91 60.51 63.01 60.51 76.81 72.21 53.01 62.41 
Schizachyrium scoparium N 0.00 83.81 8.21 33.61 83.71 0.00 1.91 17.41 
Schoenoplectus heterochaetus N 3.81 25.31 0.31 34.71 5.41 0.30 1.51 14.91 
Setaria faberi E 0.00 0.00 0.00 0.30 7.91 0.00 0.01 0.01 
Setaria pumila E 58.01 31.41 2.81 7.01 25.11 12.41 28.21 16.21 
Setaria viridis E 0.00 0.00 0.00 0.00 0.60 0.00 0.01 0.00 
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Silene antirrhina N 0.00 0.01 0.00 0.30 0.60 0.00 0.00 0.01 
Silphium integrifolium N 0.00 0.00 0.01 0.00 0.01 0.00 0.00 1.90 
Silphium laciniatum N 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 
Sisyrinchium campestre N 0.00 0.00 16.01 0.01 0.01 6.01 2.21 0.61 
Solanum carolinense N 7.01 6.71 1.51 3.21 0.01 6.61 2.21 10.21 
Solidago canadensis N 55.21 13.40 23.51 29.21 24.81 36.11 13.01 24.41 
Solidago missouriensis N 2.21 0.01 7.31 0.01 0.91 0.01 0.01 0.00 
Solidago nemoralis N 0.00 0.01 0.01 0.00 0.01 0.00 0.60 1.90 
Sonchus asper E 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
Sorghastrum nutans N 0.00 44.51 29.21 21.51 16.11 0.00 0.60 0.01 
Spartina pectinata N 0.00 92.11 0.00 26.81 0.00 0.00 0.00 0.01 
Spiranthes cernua N 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Sporobolus clandestinus N 7.61 16.51 43.41 6.71 0.61 31.91 61.41 29.51 
Symphoricarpos orbiculatus N 6.01 27.01 4.41 14.61 0.00 1.91 0.01 30.11 
Symphyotrichum ericoides N 0.01 12.41 16.21 1.60 0.01 3.51 9.50 42.01 
Symphyotrichum lanceolatum N 0.00 4.71 1.61 0.01 0.01 1.90 4.41 8.61 
Symphyotrichum oolentangiense  N 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Symphyotrichum pilosum N 6.71 10.11 9.91 33.51 11.81 7.01 6.61 19.11 
Symphyotrichum praealtum N 10.81 0.00 0.00 0.01 0.00 0.01 0.00 0.01 
Symphyotrichum spp. N 1.51 0.61 0.31 7.31 1.60 0.01 0.00 3.11 
Sympyotrichum novae-angliae N 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
Taraxacum officionale N 5.31 1.20 0.01 2.11 3.11 1.90 0.30 0.31 
Teucrium canadense N 3.51 0.01 0.00 18.21 0.01 0.01 0.30 3.51 
Thlaspi arvense E 0.01 0.01 0.01 0.60 0.60 0.01 0.00 0.30 
Toxicodendron radicans N 0.01 0.01 0.01 0.01 0.00 0.01 0.90 0.31 
Tradescantia  spp. N 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 
Tridens flavus N 1.90 5.11 2.21 7.31 3.51 5.41 10.81 11.11 
Trifolium pratense E 8.91 4.01 7.31 27.01 7.01 9.11 13.31 0.61 
Trifolium repens E 39.81 43.61 11.41 6.41 50.31 7.91 1.90 4.81 
Triodanis leptocarpa N 0.90 1.21 3.40 0.30 0.31 0.00 0.01 0.00 
Triosteum perfoliatum N 0.00 0.61 0.00 0.00 0.00 0.00 0.30 0.01 
Ulmus pumila E 0.01 0.01 0.01 0.01 0.30 0.01 0.30 5.71 
Verbena hastata N 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 
Verbena simplex N 0.00 0.00 0.00 9.50 0.00 0.00 0.00 0.01 
Verbena stricta N 0.60 4.80 0.01 0.30 0.01 0.01 0.00 0.01 
Verbena urticifolia N 0.01 1.60 0.01 1.60 0.00 0.01 0.00 0.01 
Vernonia baldwinii N 34.21 11.11 1.91 0.01 0.01 0.61 2.11 7.01 
Viola sororia N 0.01 0.00 0.00 1.60 0.61 0.01 0.00 0.00 
Vitis vinifera N 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
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Xanthium strumarium N 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Supplementary Table 2: Mean butterfly species abundance for each treatment (GAB = Graze-and 
burn and PBG = Patch-burn graze).  For each pasture the total butterflies of each species were 
calculated then averaged across the four years (2010-2013).  The mean and standard deviation 
(SD) was then calculated among the pastures within each treatment and these values are 
presented in the table.  The total column represents the total number of observations for each 
species across all four years (2010-2013). 
  GAB PBG  
Scientific Name Common Name Mean SD Mean SD Total 
Abaeis nicippe Sleepy Orange 0.25 0.20 0.06 0.13 5 
Anatrytone logan Delaware Skipper 0.06 0.13 0.00 0.00 1 
Boloria bellona Meadow Fritillary 1.19 0.90 1.25 0.35 39 
Celastrina neglecta Summer Azure 0.00 0.00 0.06 0.13 1 
Cercyonis pegala Common Wood-Nymph 3.25 2.06 1.25 0.74 72 
Colias eurytheme Orange Sulphur 6.88 3.14 4.56 0.88 183 
Colias philodice Clouded Sulphur 5.63 2.39 3.00 1.02 138 
Cupido comyntas Eastern Tailed-Blue 35.38 20.45 35.88 2.98 1140 
Danaus plexippus Monarch 0.50 0.35 0.56 0.31 17 
Epargyreus clarus Silver-spotted Skipper 0.25 0.20 0.13 0.14 6 
Euphyes bimacula Two-spotted Skipper 0.00 0.00 0.06 0.13 1 
Euphyes vestris Dun Skipper 0.13 0.14 0.06 0.13 3 
Euptoieta claudia Variegated Fritillary 0.06 0.13 0.00 0.00 1 
Junonia coenia Common Buckeye 4.06 3.14 1.06 0.75 82 
Limenitis arthemis Red-spotted Purple 0.06 0.13 0.00 0.00 1 
Lycaena dione Gray Copper 0.19 0.13 0.13 0.14 5 
Lycaena hyllus Bronze Copper 0.06 0.13 0.00 0.00 1 
Papilio cresphontes Giant Swallowtail 0.19 0.13 0.00 0.00 3 
Papilio glaucus Tiger Swallowtail 0.19 0.24 0.25 0.20 7 
Papilio polyxenes Black Swallowtail 1.50 1.37 0.69 0.43 35 
Phoebis sennae Cloudless Sulpher 0.06 0.13 0.13 0.14 3 
Pholisora catullus Common Sootywing 0.13 0.14 0.00 0.00 2 
Phyciodes tharos Pearl Crescent 17.75 5.22 19.56 10.49 597 
Pieris Rapae Cabbage White 1.88 0.60 1.63 0.97 56 
Poanes hobomok Hobomok Skipper 0.00 0.00 0.06 0.13 1 
Polites origenes Crossline Skipper 0.13 0.25 0.19 0.24 5 
Polites peckius Peck's Skipper 0.25 0.29 0.13 0.14 6 
Polites themistocles Tawny-edged Skipper 1.31 0.75 0.50 0.35 29 
Polygonia interrogationis Question Mark 0.06 0.13 0.19 0.24 4 
Pyrgus communis Common Checkered-Skipper 0.06 0.13 0.13 0.25 3 
Pyrisitia lisa Little Yellow 0.38 0.60 0.56 0.72 15 
Satyrium edwardsii Edwards' Hairstreak 0.06 0.13 0.00 0.00 1 
Satyrium titus Coral Hairstreak 0.13 0.14 0.00 0.00 2 
Speyeria cybele Great Spangled Fritillary 2.88 0.85 2.06 1.43 79 
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Speyeria idalia Regal Fritillary 1.06 1.07 1.06 0.97 34 
Strymon melinus Gray Hairstreak 0.06 0.13 0.06 0.13 2 
Thorybes bathyllus Southern Cloudywing 0.06 0.13 0.00 0.00 1 
Thymelicus lineola European Skipper 0.06 0.13 0.13 0.25 3 
Vanessa atalanta Red Admiral 0.06 0.13 0.00 0.00 1 
Vanessa virginiensis American Lady 0.06 0.13 0.19 0.24 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
84 
 
CHAPTER 5: SEASONAL SUCCESSION OF FLORAL 
RESOURCES IN FOUR GRASSLAND TYPES IMPORTANT 
FOR POLLINATOR CONSERVATION IN THE TALLGRASS 
PRAIRIE ECOREGION 
A paper to be submitted to: Ecological Applications 
John T. Delaney, Karin J. Grimlund, Diane M. Debinski 
Abstract 
Pollinators are declining globally, and this decline in ecosystem services threatens the stability of 
agricultural and natural systems.  Pollinators depend on a diversity of floral resources that are 
primarily found in uncultivated areas of agro-ecosystems such as grasslands.  Seasonal 
succession (the seasonal changes that occur in community composition and structure) of floral 
resources is an essential consideration for pollinator conservation within agro-ecosystems.  
Different types of grasslands common within agricultural landscapes could be expected to differ 
in their seasonal succession of floral resources.  Here we investigated how different types of 
grasslands important for pollinator conservation in the tallgrass prairie ecoregion (remnant 
prairies, reconstructed prairies, conservation grazed cattle pastures, and old fields) differ in their 
seasonal succession of floral resources by sampling the plant community every two weeks from 
May 3rd through October 4th 2013.  We found remnant prairies had greater richness of 
inflorescences when summed over the growing season, and that remnants were least similar to 
the other grassland types in terms of composition.  Reconstructed prairies had high richness of 
inflorescences and exhibited the most similarity in composition to remnant prairies only during 
the middle of the growing season.  Conservation grazed cattle pastures had more periods where 
turnover in composition from one survey to the next was low, indicated by the coefficient of 
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variation in turnover throughout the season.  Old fields had the lowest richness of inflorescences 
and were significantly different from reconstructed and remnant prairies.   
Introduction 
In recent decades declines in pollinators have been observed both within the Midwestern 
United States (Grixti et al. 2009, Swengel et al. 2011) and globally (Biesmeijer et al. 2006, Potts 
et al. 2010).  Mitigation of these losses requires the conservation of existing habitat, creation of 
new habitats, and the development of management practices and conservation programs that 
increase pollinator resources on the landscape (Isaacs et al. 2008, Bennett and Gratton 2013).  
Grasslands are particularly crucial for the conservation of pollinators in agricultural ecosystems 
(Öckinger and Smith 2007), because they provide nesting sites and floral resources.  Given that 
the availability of floral resources is hypothesized to be the factor driving  bee abundance and 
diversity in most landscapes (Roulston and Goodell 2011), the seasonal succession (the seasonal 
changes in community composition and structure) of these resources is an essential consideration 
for pollinator habitats in agricultural ecosystems (Corbet et al. 1991).  However, floral resource 
availability can differ among grassland types and can exhibit seasonal differences among 
grassland types (Parrish and Bazzaz 1979).  Understanding how different grassland habitats 
differ in their seasonal succession of floral resources will aid in understanding the utility of 
different grassland types for conservation of pollinators.  It will also aid scientists and managers 
in developing best practices for grassland restoration and conservation. 
Many pollinators depend upon floral resources to complete their life cycle (Abrol 2011, 
Wäckers and van Rijn 2012), and a diversity of floral resources is particularly essential (Heinrich 
2004, Tasei and Aupinel 2008, Alaux et al. 2010).  The abundance, richness, and diversity of 
floral resources is correlated with the abundance and richness of butterflies (Shepherd and 
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Debinski 2005) and diversity of bumble-bees (Hines and Hendrix 2005, Davis et al. 2008) in the 
tallgrass prairie, and similar patterns have been demonstrated in ecosystems throughout the 
world (Potts et al. 2003, Hegland and Boeke 2006, Holzschuh et al. 2007, Williams et al. 2012, 
Bennett and Gratton 2013).  The seasonal succession of floral resources could be particularly 
relevant for the conservation of long-lived pollinators and pollinator colonies that forage 
throughout much of the growing season.  For instance, landscapes that lack adequate floral 
resources during a portion of the growing season have been shown to negatively impact 
bumblebee numbers (Persson and Smith 2013) and colony growth (Williams et al. 2012). 
Within the tallgrass prairie ecoregion, perennial grasslands are essential for providing native 
pollinators with the floral resources and nesting sites they require.  In recent decades grassland 
habitats have declined throughout the Midwestern United States due to agricultural 
intensification and development (Wright and Wimberly 2013).  In addition to typical prairie 
conservation and restoration projects, programs such as the U.S. Conservation Reserve Program, 
that provides farmers incentives to protect set-aside land, can bolster agro-ecosystems by 
providing habitat and resources for pollinators while still providing economic benefits to farmers 
(Vulliamy et al. 2006, Decourtye et al. 2010).  Similarly, grazing initiatives that promote 
sustainable grazing practices, such as the U.S. Conservation of Private Grazing Land Program, 
can also benefit pollinators and other wildlife, and contribute to the long-term stability of agro-
ecosystems. 
Here we compare four types of grasslands with respect to their seasonal succession of floral 
resources:  1) remnant prairies, 2) reconstructed prairies, 3) conservation grazed pastures and 4) 
old fields.  In the Midwestern U.S., the conditions of each of these grasslands are described as 
follows:  Remnant prairies best approximate the native tallgrass prairie community because these 
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sites have retained a high proportion of native flora.  Reconstructed prairies were formerly 
cultivated fields and have since been seeded with native prairie plant species.  Conservation 
grazed cattle pastures are defined by having a low stocking rate (xˉ = 2.6 AUM ha-1, SD = 0.95) 
and have either never been cultivated or have been cultivated for such a brief time in their past 
that they maintain some remnant flora.  In our region, these sites were often grazed heavily in the 
past and are now dominated by exotic plant species that are common agricultural weeds in our 
region (e.g. Trifolium pratense, Lotus corniculatus, Bromus inermis, and Schedonorus 
arundinaceus).  Finally, old fields are plant communities that arise naturally following cessation 
of agricultural practices and are typical of lands owned by absentee landowners and of some 
lands enrolled in conservation reserve programs, and also have a high proportion of exotic plant 
species. 
Previous comparisons of the types of grasslands outlined above have found they differ in a 
number of characteristics.  Remnant and reconstructed tallgrass prairie can differ in in terms of 
physical vegetation structure (Ammann and Nyberg 2005), productivity (Martin et al. 2005), as 
well as diversity of plants (Kindscher and Tieszen 1998, Martin et al. 2005, Polley et al. 2005), 
and invertebrates (Bomar 2001, Larsen and Work 2003, Shepherd and Debinski 2005, Nemec 
and Bragg 2008).  Grasslands with high proportions of exotic species cover, such as our 
conservation grazed pastures and old fields, have also been shown to differ from remnant 
communities in terms of biodiversity, phenology, photosynthetic mode, productivity, and 
ecosystem services (Wilsey et al. 2009, 2011, Isbell and Wilsey 2011, Martin et al. 2014).  
Additionally, old fields and reconstructed prairies have been shown to differ in terms of butterfly 
diversity and floral quality index (Farhat et al. 2014). 
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Our goal was to characterize patterns of seasonal succession of floral resources in these four 
different types of grasslands, and to test hypotheses defining the specific ways that they differed 
in their seasonal succession of floral resources.  We predicted: 
1) Remnant prairies would have the greatest richness of floral resources summed over the 
growing season, would have the greatest difference in composition compared to other 
grassland types, and would show the greatest stability as measured by turnover of floral 
resources throughout the growing season. 
2) Reconstructed prairies would be the most similar to remnant prairies in terms of 
composition and diversity of floral resources but floral resources would be low in the 
beginning of the season and relatively high in the mid-season when many of the plant species 
favored in seeding projects tend to bloom. 
3) Cattle pastures, which are dominated by long-flowering exotic forage species, would show 
the lowest amount of turnover in flower composition between each sampling period over the 
growing season. 
4)  Old fields would have the lowest richness of floral resources throughout the season and 
would be least similar to remnant prairies in terms of composition. 
Methods 
Our study tracts (research sites) were located in the Grand River Grasslands, a region 
covering over 28,000 ha in Ringgold County, Iowa, and Harrison County, Missouri, U.S.A.  We 
identified tracts within the Grand River Grasslands that were characteristic of four types of 
grasslands essential for conservation in our region based upon communication with area land 
managers and current features of the plant communities.  Grassland types and specifications for 
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their designations are explained in the introduction section.  A total of sixteen tracts were 
selected for this study with four tracts in each of the four grassland types (Figure 1; Table 1).  
Eight sites utilized previously established 100 m long butterfly transects (Debinski et al. 2011) 
for the plant survey transects; in the eight new sites, four randomly placed transects were 
established.  Each transect ran north to south with some slight alterations to avoid barriers within 
the landscape (e.g. brush piles and drainage areas).  The percent cover of native vegetation was 
estimated visually from 10 1x0.5 m quadrats along each of the transects (five quadrats on each 
side of the transect one meter from the transect line at 10, 30, 50, 70, and 90 m from the start of 
the transect; data presented in Table 1).   
Inflorescences were sampled at two week intervals over twelve sampling rounds 
beginning May 3rd and ending on October 5th 2013.  Each sampling round was completed in 1-3 
days.  Inflorescences were counted by species along a 1 m swath along the east side of each 100 
m transect.  Inflorescences were characterized as the largest consistent floral unit among 
individuals within a species (e.g. compound umbels in Apiaceae and capitulums in Asteraceae), 
similar to the methods of Rotenberry (1990).  For species that produce corymbs of inconsistent 
structure (e.g. Asclepias tuberosa, Pycnanthemum spp., and Vernonia spp.) the entire corymb on 
an individual flowering stem was counted as one inflorescence.  Panicles were not considered the 
largest consistent unit for any species.  All species were identified in the field using regional 
field guides.  Some species were identified only to the genus level and are counted as an 
individual species in the analyses (i.e., Cirsium, Erigeron, Fragaria, Lonicera, Plantago, Rubus, 
Vernonia).  Although pollinators are known to collect pollen from grass flowers, we did not 
count inflorescences for Poaceae or Cyperaceae.  We also acknowledge that pollinators derive 
nutrients from other sources besides flowers that we did not quantify here, which may include 
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extrafloral nectaries, rotting fruit, sap, dung, carrion, and wet soil (Willemstein 1987).  One site 
in the reconstruction category was hay mowed in the beginning of August, so this site was 
eliminated from all following analyses that summarize data throughout the season. 
To test for differences in the total number of inflorescences and flowering species over 
the sampling season, the total number of inflorescences was summed over all 12 sampling 
rounds for each transect, and species richness was calculated for each transect after abundances 
were summed.  General Linear Mixed Models (GLMM) were used to test for differences among 
grassland types using the Poisson distribution (because data consisted of counts) with site as the 
random variable (to account for subsampling within each site) using the nlme package (Pinheiro 
et al. 2013) in R (R Development Core Team 2010). 
For seasonal changes in abundance of inflorescences and richness of flowering species 
we calculated the totals from each transect within each round.  We tested for differences between 
grassland types within each round using GLMM with site as the random variable.   To account 
for multiple comparisons we employed a Bonferroni correction (p = 0.05/72 = 6.9x10-4) to 
determine whether comparisons among grassland types within each of the sampling rounds were 
significant. 
Non-metric multidimensional scaling (NMDS) was used to observe seasonal changes in 
composition over time and compositional differences among grassland types.  NMDS was 
chosen because this ordination technique has been shown to be more robust to the occurrence of 
rare species than other common ordination methods (Cao et al. 2001).  To observe seasonal 
changes, species composition was averaged by each site within each round.  For overall 
compositional differences, the total abundance of each species was calculated over all rounds for 
each transect and averaged by site.  Ordinations were performed using the metaMDS function in 
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vegan (Oksanen et al. 2011) in R.  Difference in composition among grassland types was tested 
using permutational MANOVA (Anderson 2001) with the adonis function in vegan in R.   
We calculated the change in species composition from round to round for each transect 
using the vegdist function in vegan in R, employing Bray-Curtis Dissimilarity as the dissimilarity 
measure.  The coefficient of variation (CV = σ/µ) was calculated across all round to round 
comparisons throughout the season for each transect.  Differences in the coefficient of variation 
among grassland types was tested using a mixed effects-model using the lme function in the 
nlme package in R with site as a random variable.  Finally, figures in this manuscript were 
constructed using the ggplot2 package (Wickham 2009) in R.  
Results 
We counted 296,256 inflorescences from a total of 142 species across the 12 sampling 
rounds.  113 of the species were native and 29 were classified as exotic.  Total abundance of 
inflorescences did not differ significantly among grassland types (F = 0.4, p = 0.78; Figure 2A), 
but richness did (F = 6.1, p = 0.0005; Figure 2B).  Remnants and reconstructions supported the 
highest species richness of flowering plants and differed significantly from the richness of old 
fields (p < 0.001 and p = 0.028; respectively), using Tukey’s multiple comparison test.  Pastures 
exhibited a marginally significantly higher richness as compared to old fields (p = 0.051), using 
Tukey’s multiple comparison test.  Native species richness differed significantly among all 
Tukey’s multiple comparison tests (p < 0.05) except for the contrast between reconstructions and 
pastures (p = 0.772).  Specifically, native richness was greatest in remnant prairies and lowest in 
old fields, while native richness in reconstructions and pastures were intermediate between the 
two. 
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Grassland types showed few differences in terms of overall abundance and richness of floral 
resources over the flowering season (Figure 3A and B).  In terms of abundance, there were no 
significant differences among grassland types within individual rounds after Bonferroni 
correction for multiple tests (p < 0.05/72 = P < 6.9x10-4).  In terms of richness, there were 
several differences among grassland types within individual rounds following Bonferroni 
correction (p < 6.9x10-4) as follows: richness was significantly greater in pastures than in old 
fields in rounds 3 and 4 (p = 4.5x10-5 and p = 8.6x10-6, respectively), in round 11 richness was 
significantly higher in remnants than pastures and old fields (p = 3.0x10-4 and p = 5.7x10-5, 
respectively).  In round 4, pastures had marginally significantly greater richness than 
reconstructions (p = 7.1x10-4). 
NMDS ordination indicated that composition showed similar trajectories among all four 
grassland types over the course of the season (k = 2, stress = 9.74%; Figure 4A).  Sites were least 
similar at the beginning of the season and became more similar over time.  Reconstructed 
prairies were the most dissimilar from reference sites during the first three sampling rounds (May 
3rd to June 1st), and then shifted to being the most similar to the reference sites beginning in 
round four (June 14th).  When we compared composition based on seasonal total inflorescences 
there were significant differences among grassland types (F = 2.60, p = 0.001), with remnant 
prairies being the least similar to the other three grassland types (k = 3, stress = 7.43%; Figure 
4B). 
All grassland types showed similar change in composition from round to round over the 
course of the study (Figure 5A).  Only the fifth comparison between rounds showed significant 
differences among grassland types after Bonferroni correction (p < 0.05/66 = p < 7.6x10-4). 
Specifically, Bray-Curtis dissimilarity between rounds was significantly greater in remnants than 
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old fields and pastures (p = 3.7x10-5 and p = 1.8x10-4, respectively).  Grassland types differed 
significantly in terms of variability indicated by the coefficient of variation in change in 
composition from round to round throughout the season (F = 4.90, p = 0.02; Figure 5B), with 
remnant prairies having significantly less variability than pastures after Tukey’s multiple 
comparison test (p = 0.02). 
Discussion 
Species Richness 
In terms of seasonal total species richness, old fields had the lowest richness and differed 
significantly from remnant and reconstructed prairies, which was consistent with our prediction.  
Kwaiser and Hendrix (2008) found similar results where the abundance, richness, and diversity 
of floral resources was significantly lower in old fields compared to remnant prairies.  Farhat et 
al. (2014) did not find significant differences in richness of flowers between old fields and 
reconstructed prairies, but did find significant differences in terms of floral quality index.  The 
differences in richness of floral resources among grassland types found in this study are 
consistent with other research that has demonstrated differences in terms of biodiversity, 
productivity, phenology, ecosystem services etc. when conducting comparisons between remnant 
grasslands and grasslands that consist of a mix of native and exotic species such as our old fields 
and conservation grazed cattle pastures (Wilsey et al. 2009, 2011, Isbell and Wilsey 2011, Martin 
et al. 2014). 
 When comparing richness of native flower species, all grassland types differed 
significantly from each other except for reconstructed prairies and pastures.  The proportion of 
native flower species was particularly high in the remnants and comparatively lower in the other 
three grassland types.  The degree to which the exotic plant species may benefit pollinators is 
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currently unclear (Palladini and Maron 2014).  Exotic nectar and pollen sources are thought to be 
potentially valuable supplemental resources for native pollinators (Bjerknes et al. 2007, 
Tepedino et al. 2008).  However, this may only apply to generalists, whereas pollinators that 
specialize on native plant may be negatively affected by the presence of exotic plant species 
(Stout and Morales 2009).  We included both native and exotic species in our analysis because 
we expected the exotic species to represent adequate resources for many of our pollinator species 
(Tepedino et al. 2008) and because pollinator systems tend to be fairly generalized (Burkle and 
Alarcón 2011). 
Despite our predictions, the four different grassland types that we examined showed 
surprising similarity in their seasonal succession of abundance and richness of inflorescences.  At 
no point in the growing season did the abundance of inflorescences differ among grassland types.  
Abundance of inflorescences became markedly greater for all grassland types except remnant 
prairies from June 14th to July 15th (rounds 4-6). This pattern was primarily driven by flowering 
of Erigeron spp., Lotus corniculatus, Melilotus officinalis, and Trifolium spp.  With the 
exception of Erigeron spp., these are introduced species that are common weeds in agricultural 
landscapes (Stubbendieck et al. 1994), and were found less frequently within remnant prairies.  
Another observation of note is that abundance of inflorescences was highest in round 2 (May 
18th) in cattle pastures and highest in round 11 (September 21st) in remnant prairies.  The early 
spring and early fall periods are important foraging times for both honey bee and bumblebee 
colonies, which may benefit from nearby conservation grazed cattle pastures in the spring and 
remnant prairies in the fall. 
All four of the grassland types showed the general pattern of highest richness in the mid-
season, which has been observed in seasonal changes in flowering in other regions of the 
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tallgrass prairie (Anderson and Adams 1981, Craine et al. 2012).  Reconstructed prairies 
exhibited a distinctive mid-season peak in richness of inflorescences, which was more 
pronounced than all of the other grassland types.  This observation coincides with our prediction 
that reconstructed prairies would show a strong midseason peak with lower richness early and 
late in the season because of the observation that prairie reconstruction plantings favor species 
that flower mid-summer.  
Community Composition 
With respect to the overall community composition of flowering plants across the season, 
remnant prairies were the most dissimilar to the other grassland types, as we had predicted.  In 
our ordination illustrating seasonal change in composition, we see several patterns that were not 
testable, but are validated in the context of what is commonly known about our four grassland 
types.  Grassland types showed the greatest dissimilarity from each other in ordination space 
early in the season.  Although prairie flora are often characterized by the dominant late flowering 
C4 grasses and forbs, there is high diversity in early flowering species that tend to be rare and 
potentially more susceptible to anthropogenic disturbance such as fire early in the season (Howe 
1994).  This vulnerability of early flowering tallgrass prairie species to prior disturbance could 
explain why we see greater divergence among grassland types early in the season.  
Reconstructed prairies became more similar to remnant prairies around June 15th (round four) 
remained that way for 14 weeks and then became less similar in mid-September onwards (the 
last two rounds). This pattern could indicate that either 1) establishment of prairie species in 
reconstructions favors native species that flower in the middle of the season or 2) that seed mixes 
at these sites were deficient in early and late flowering native species.  The convergence among 
all grassland types later in the season is likely explained by the tendency for later flowering 
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species to be more common among the different grassland types.  For example, species that were 
common later in the season tend to occur in a range of habitats from high-quality to degraded, 
such as Solidago canadensis (Canada goldenrod) and Symphyotrichum ericoides (heath aster), 
which is illustrated by their low coefficient of conservatism values (0 and 3, respectively; 
Drobney 2014). 
Composition turnover was not consistently lower in conservation grazed cattle pastures 
as we predicted, but the variability in composition turnover was significantly greater in cattle 
pastures than in remnant prairies. Although the richness of inflorescences between remnant 
prairies and cattle pastures was equivalent throughout much of the season, the resources that 
were available to pollinators did not change from round to round as consistently in cattle pastures 
as they did in remnant prairies.  Rotenberry (1990) found a similar pattern in an old field 
dominated by exotic species in northern Michigan, U.S.A., where turnover in inflorescence 
composition was variable.  In our study, old fields had the second highest (but not significantly 
higher) variability in composition turnover.  Periods of low turnover in floral resources could be 
problematic for pollinators that require a diverse diet.   
The differences in responses between univariate (richness) and multivariate (composition) 
measures are consistent with others who have found different patterns of species diversity when 
using multivariate vs. univariate measures, because multivariate techniques preserve individual 
species identities (Su et al. 2004, Bilton et al. 2006, Shuey et al. 2012).  Using multivariate 
analyses in addition to common univariate measures is essential, because it can reveal patterns 
that could be essential for conservation.  For example, Davis et al. (2008) found bee composition 
to significantly correlate with composition of flowers used by bees, while univariate bee 
diversity and bee-flower diversity did not significantly correlate.   
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Future Research 
A next step in understanding seasonal succession patterns would be to quantify 
interannual variation in floral resources among grassland types.  It would also be valuable to 
investigate how pollinator communities differ among these grassland types and the degree to 
which pollinators switch between these grassland types throughout the season in response to 
floral resource availability.  For example, the abundance of floral resources was very high in 
non-remnants from ~June 15th to ~July 13th (rounds 4-6), and as such, these sites may have 
attracted pollinators from remnants.  Finally, future research should consider how short or 
infrequent sampling periods could bias scientific interpretation of the availability of floral 
resources and pollinator responses.  For example, our ability to detect significant differences 
among grassland types within some rounds but not others (even with very low significance 
threshold used to account for multiple tests) illustrates the importance of considering how 
sampling time within the season could influence interpretation of floral resource availability. 
Implications for Conservation and Management 
Here we have demonstrated differences in the availability of floral resources among 
grassland types of the Upper Midwest, and these differences have clear implications for 
pollinators.  Differences in floral resource availability may translate into dietary consequences 
for pollinators that forage in different types of grasslands.  The significance of a diverse diet has 
been verified for some pollinators.  For example, Alaux et al. (2010) found that honeybees fed 
diets of pollen from multiple sources had greater immunocompetence than honeybees who fed 
on pollen from a single flower source.  Also, Tasei and Aupinel (2008) demonstrated that 
bumblebee larvae were heavier when fed a diet from multiple pollen sources than when fed 
pollen with greater protein content that came from a single flower source.  Finally, bumblebees 
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have been shown to travel farther to forage in species-diverse floral patches even when less 
diverse but florally dense patches are available at shorter distances from the nest (Jha and 
Kremen 2013). 
Specific implications for the management and restoration of pollinator floral resources 
include the following:   
 Old fields were the grassland type most consistently different from remnant 
prairies.  Given these findings, our results indicate that targeted efforts to enhance 
floral diversity on old fields could accomplish the largest potential change in 
resources for pollinators.   
 Conservation grazed cattle pastures showed the greatest variability in 
composition turnover throughout the growing season. Interseeding native plant 
species that are tolerant of grazing and bloom during periods of low turnover 
could improve pollinator resources in conservation grazed cattle pastures. 
 Reconstructed prairies showed the strongest midseason peak in richness of 
inflorescences, and differed in composition from remnants at the beginning and 
end of the season.  Greater efforts to establish early and late blooming species to 
better mimic remnant composition would enhance pollinator resources at these 
sites.   
 Remnant prairies showed the largest difference in composition compared to the 
other three habitat types and supported the greatest abundance and richness of 
flowering native plants.  The preservation of remnants will be essential for 
maintaining native pollinator diversity, particularly for insect and plant species 
with specialized plant-pollinator interactions.   
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Table 1: Details on tracts used in this study.  Sites are numbered based on location from north to 
south (1-16)  Percent native cover was estimated for each transect from 10 1x0.5 m quadrats 
along each transect and averaged by site.  Latitude and Longitude are represented in decimal 
degrees.  Names of sites are provided for those sites that were used in the patch-burn grazing 
(PBG) project (Debinski et al. 2011). 
Site 
Number Type 
PBG Project 
Tracts 
Area 
(ha) % Native Cover Latitude Longitude 
3 Old Field  16.5 32.2 -94.069376 40.690143 
4 Old Field  9.3 51.8 -94.064491 40.683107 
6 Old Field Richardson 15.6 35.7 -94.124854 40.611271 
11 Old Field  3.5 17.2 -94.120737 40.582275 
9 Pasture Ringgold South 32.4 47.6 -94.136821 40.591692 
10 Pasture Gilleland 31.2 23.1 -94.124183 40.583996 
12 Pasture Lee Trail Road 34.0 52.7 -94.140074 40.579071 
13 Pasture Pyland West 17.8 44.5 -94.175443 40.576261 
1 Reconstruction  11.5 83.3 -94.093327 40.704849 
2 Reconstruction  14.5 66.6 -94.074316 40.694498 
5 Reconstruction Kellerton Tauke 32.4 75.0 -94.107273 40.674720 
16 Reconstruction  18.7 93.5 -94.114677 40.487575 
7 Remnant Ringgold North 15.4 88.5 -94.135568 40.601074 
8 Remnant  9.0 96.7 -94.140919 40.592168 
14 Remnant  40.0 95.4 -94.130453 40.527235 
15 Remnant Pawnee Prairie 21.8 98.7 -94.143039 40.519640 
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Figure 1: Map depicting the sixteen research sites in the Grand River Grasslands (GRG) of 
Ringgold county Iowa, and Harrison county Missouri.  The thick horizontal black line is the 
Iowa/Missouri state border, thinner black lines are county borders.  See Table 1 for details on 
each tract. 
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Figure 2:  The average seasonal total abundance (A) and seasonal total richness (B) of 
inflorescences among grassland types with four subsamples within each tract.  Seasonal total of 
abundance (A) did not differ among grassland types.  Significant differences in seasonal total of 
richness of inflorescences are indicated by different letters.  Shaded portions of each bar 
represent the proportion of native inflorescences.  Error bars depict standard error of the mean. 
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Figure 3:  Seasonal changes in the average abundance (A) and richness (B) of inflorescences for 
each grassland type, with four subsamples within each tract.  Each round is a two week interval 
beginning on May 3rd 2013, and ending on Oct 5th 2013.  There were no significant differences 
with comparison among grassland types within a single round in terms of the abundance of 
inflorescences.  Richness was significantly greater in pastures than in old fields in rounds 3 and 
4, in round 11 richness was significantly higher in remnants than pastures and old fields.  See 
results for specific details on significant differences. Error bars depict standard error of the mean. 
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Figure 4: Ordination diagrams showing seasonal changes in composition (A) and differences 
among grassland types in total composition (B).  Lines in diagram A follow the centroids 
(average) of each of the four sites within a treatment through each round across the season.  See 
methods and results for details. 
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Supplementary Table 1: Mean inflorescence abundance and standard deviation (SD) by 
grassland type.  Total seasonal abundance was calculated for each transect then averaged by tract 
and averaged by grassland type.  Asterisks indicate species that are not native to the region.  
Nomenclature follows USDA PLANTS Database (plants.usda.gov). 
 Old Field Pasture Reconstruction Remnant 
Scientific Name Mean SD Mean SD Mean SD Mean SD 
Achillea millefolium 2.4 4.8 65.9 95.0 0.8 1.3 15.8 19.2 
Agalinis tenuifolia 0.0 0.0 0.3 0.5 0.0 0.0 0.5 1.0 
Agrimonia gryposepala 0.8 1.6 19.2 36.9 0.0 0.0 4.6 8.5 
Agrimonia striata 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
Amorpha canescens 0.0 0.0 0.0 0.0 0.0 0.0 1.6 1.8 
Anemone cylindrica 0.0 0.0 0.0 0.0 0.0 0.0 1.4 1.7 
Antennaria neglecta 0.0 0.0 30.4 32.6 0.0 0.0 49.2 58.3 
Apocynum cannabinum 1.1 1.4 0.0 0.0 0.0 0.0 0.0 0.0 
Arctium minus* 0.6 1.1 0.0 0.0 0.0 0.0 0.0 0.0 
Asclepias hirtella 0.0 0.0 0.0 0.0 0.0 0.0 4.4 8.3 
Asclepias syriaca 0.0 0.0 0.0 0.0 0.0 0.0 1.0 2.0 
Asclepias tuberosa 0.0 0.0 0.3 0.4 0.0 0.0 6.6 8.8 
Asclepias viridiflora 0.0 0.0 0.1 0.1 0.0 0.0 0.3 0.5 
Baptisia alba 0.0 0.0 0.9 1.4 0.8 1.3 2.4 2.5 
Baptisia bracteata 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.4 
Barbarea vulgaris* 49.6 46.1 7.1 6.6 30.9 14.5 0.0 0.0 
Bidens aristosa 3.9 7.8 0.7 1.4 0.3 0.4 0.8 1.6 
Brickellia eupatorioides 0.3 0.6 0.0 0.0 0.0 0.0 0.7 1.4 
Capsella bursa-pastoris* 0.0 0.0 0.1 0.3 0.0 0.0 0.0 0.0 
Ceanothus americanus 0.0 0.0 0.0 0.0 0.0 0.0 5.9 11.9 
Cerastium brachypetalum* 0.0 0.0 0.4 0.8 0.0 0.0 0.0 0.0 
Chamaecrista fasciculata 54.6 108.6 4.4 4.5 1.1 1.7 234.1 142.9 
Cichorium intybus* 117.1 145.4 14.1 28.1 0.0 0.0 0.0 0.0 
Cicuta maculata 2.3 4.5 0.0 0.0 0.0 0.0 0.0 0.0 
Cirsium arvense* 0.0 0.0 0.0 0.0 14.5 23.8 0.0 0.0 
Cirsium spp. 2.6 0.8 0.3 0.5 1.3 0.5 1.3 2.3 
Comandra umbellata 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.8 
Commelina communis* 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 
Coreopsis palmata 0.0 0.0 0.0 0.0 0.8 0.9 30.9 61.8 
Coreopsis tripteris 0.0 0.0 0.0 0.0 13.4 14.5 1.1 1.2 
Cornus drummondii 2.6 3.2 0.3 0.5 0.3 0.3 9.0 16.7 
Croton texensis 9.7 19.4 20.0 9.1 0.0 0.0 0.0 0.0 
Dalea candida 0.0 0.0 0.0 0.0 2.8 4.8 3.8 7.6 
Dalea purpurea 0.0 0.0 0.0 0.0 62.8 58.6 39.4 60.9 
Daucus carota* 94.1 70.4 68.5 103.0 64.7 66.8 0.7 1.1 
Delphinium carolinianum 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.8 
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Supplementary Table 1 (Continued) 
 Old Field Pasture Reconstruction Remnant 
Scientific Name Mean SD Mean SD Mean SD Mean SD 
Desmanthus illoensis 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 
Desmodium canadense 9.8 19.5 0.1 0.1 193.8 243.8 56.8 48.1 
Desmodium illinoense 0.1 0.1 1.4 2.8 0.0 0.0 4.1 4.5 
Dianthus armeria* 33.3 49.2 156.8 87.7 1.3 2.3 5.2 5.7 
Echinacea pallida 0.3 0.6 0.0 0.0 0.0 0.0 19.4 32.7 
Echinacea purpurea 0.0 0.0 0.0 0.0 0.0 0.0 0.9 1.9 
Erigeron spp. 78.8 86.4 120.4 83.2 606.4 557.8 162.4 162.2 
Eryngium yuccifolium 0.0 0.0 0.0 0.0 7.4 9.4 154.9 308.9 
Eupatorium perfoliatum 0.7 1.4 0.6 0.3 1.3 0.9 1.3 1.1 
Euphorbia corollata 0.0 0.0 3.4 6.8 0.0 0.0 150.1 266.4 
Euthamia graminifolia 0.4 0.9 0.1 0.1 0.0 0.0 32.6 42.0 
Fragaria spp. 0.0 0.0 5.1 6.2 0.0 0.0 8.9 9.5 
Galium aparine 41.4 70.5 0.2 0.4 4.3 7.1 0.1 0.1 
Galium obtusum 0.0 0.0 0.0 0.0 0.0 0.0 2.7 5.4 
Gaura biennis 4.1 8.1 0.3 0.6 2.3 2.0 19.6 30.9 
Gentiana alba 0.0 0.0 0.1 0.1 0.0 0.0 1.2 1.4 
Gentiana andrewsii 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 
Gentiana puberulenta 0.0 0.0 0.0 0.0 0.0 0.0 7.5 14.0 
Geum canadense 3.4 6.3 0.0 0.0 0.0 0.0 0.0 0.0 
Helianthus grosseserratus 24.0 31.7 0.0 0.0 12.6 8.6 2.3 2.8 
Helianthus salicifolius 0.0 0.0 0.0 0.0 16.0 3.5 13.4 26.8 
Heliopsis helianthoides 0.0 0.0 0.0 0.0 444.8 440.9 5.8 11.0 
Heuchera richardsonii 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.8 
Hypericum ascyron 0.0 0.0 0.0 0.0 1.4 1.8 0.0 0.0 
Hypericum majus 0.1 0.1 0.3 0.6 0.0 0.0 0.1 0.1 
Hypericum perforatum* 0.0 0.0 0.1 0.3 0.0 0.0 0.0 0.0 
Hypericum punctatum 0.1 0.1 0.8 1.5 0.0 0.0 2.9 5.9 
Hypoxis hirsuta 0.0 0.0 0.0 0.0 0.0 0.0 3.8 7.5 
Kummerowia stipulacea* 0.0 0.0 12.1 23.1 0.0 0.0 0.0 0.0 
Lactuca canadensis 3.9 4.9 0.0 0.0 0.5 0.9 0.0 0.0 
Lamium amplexicaule* 1.4 2.8 0.0 0.0 0.0 0.0 0.0 0.0 
Lepidium virginicum 0.6 0.8 8.5 14.1 0.3 0.6 0.0 0.0 
Lespedeza capitata 0.1 0.3 0.0 0.0 7.0 7.9 3.0 3.0 
Lespedeza cuneata* 1.3 2.5 0.0 0.0 1.8 3.2 0.0 0.0 
Leucanthemum vulgare* 0.6 0.8 86.3 171.3 4.4 7.6 0.6 1.3 
Liatris aspera 0.0 0.0 0.0 0.0 0.3 0.6 9.2 8.5 
Liatris pycnostachya 0.0 0.0 0.0 0.0 0.7 0.6 28.9 57.8 
Linum sulcatum 0.0 0.0 0.7 1.2 0.0 0.0 0.3 0.4 
Lobelia siphilitica 0.3 0.6 0.0 0.0 0.0 0.0 0.0 0.0 
Lobelia spicata 0.2 0.4 5.5 9.2 0.0 0.0 10.9 12.5 
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Supplementary Table 1 (Continued) 
 Old Field Pasture Reconstruction Remnant 
Scientific Name Mean SD Mean SD Mean SD Mean SD 
Lonicera spp.* 0.4 0.8 0.0 0.0 73.3 127.0 0.0 0.0 
Lotus corniculatus* 2729.3 2116.4 1853.6 2271.7 663.5 1082.6 2.6 5.1 
Lythrum alatum 0.1 0.1 0.1 0.3 0.0 0.0 0.0 0.0 
Medicago lupulina* 37.4 66.3 326.7 403.0 10.0 14.5 3.0 6.0 
Medicago sativa* 13.3 20.9 0.0 0.0 0.3 0.6 0.0 0.0 
Melilotus officinalis* 122.9 212.8 11.9 16.0 412.3 215.4 36.1 50.0 
Monarda fistulosa 85.3 57.3 12.8 17.9 336.1 247.6 43.5 61.9 
Oenothera biennis 0.0 0.0 0.1 0.1 3.3 3.1 0.6 0.7 
Oligoneuron rigidum 0.2 0.2 0.0 0.0 49.6 42.7 57.5 61.0 
Oxalis stricta 0.3 0.6 2.3 4.2 0.5 0.4 0.1 0.1 
Oxalis violacea 0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.1 
Packera plattensis 0.0 0.0 0.0 0.0 0.0 0.0 4.3 4.8 
Parthenium integrifolium 0.0 0.0 0.0 0.0 0.0 0.0 4.1 8.3 
Pastinaca sativa* 79.6 95.9 0.0 0.0 105.1 118.0 0.0 0.0 
Pedicularis canadensis 0.0 0.0 0.0 0.0 0.0 0.0 5.9 11.8 
Penstemon digitalis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Plantago spp.* 0.0 0.0 48.4 86.8 0.0 0.0 0.0 0.0 
Polygala sanguinea 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.7 
Potentilla arguta 1.3 1.4 10.1 7.4 4.6 2.4 1.6 2.1 
Potentilla recta* 1.8 1.2 0.7 0.3 0.0 0.0 0.0 0.0 
Potentilla simplex 12.4 24.8 42.3 69.9 0.0 0.0 12.1 14.4 
Prunella vulgaris 1.8 3.6 1.0 1.1 0.0 0.0 0.0 0.0 
Pycnanthemum tenuifolium 25.5 50.7 74.9 73.2 49.7 51.2 467.8 315.2 
Pycnanthemum verticillatum 3.1 6.3 2.9 3.4 0.0 0.0 150.3 232.2 
Ratibida pinnata 48.9 54.7 3.4 3.8 392.3 294.7 80.3 120.6 
Rhus spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.9 1.9 
Rosa arkansana 0.0 0.0 0.7 1.1 0.0 0.0 3.8 2.9 
Rosa multiflora* 8.4 16.9 10.0 18.7 0.0 0.0 0.0 0.0 
Rubus spp. 1.9 3.9 0.8 1.5 0.0 0.0 26.6 45.9 
Rudbeckia hirta 1.5 1.8 0.0 0.0 5.7 5.1 6.1 2.4 
Rudbeckia subtomentosa 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ruellis humilis 7.3 14.6 6.3 4.7 0.0 0.0 7.9 11.4 
Silene latifolia* 0.0 0.0 0.0 0.0 1.3 2.2 0.0 0.0 
Silphium integrifolium 0.1 0.3 0.4 0.8 14.4 16.3 61.8 107.4 
Silphium laciniatum 0.0 0.0 0.0 0.0 0.4 0.7 9.6 19.1 
Silphium perfoliatum 0.4 0.8 0.0 0.0 122.0 203.8 0.1 0.1 
Sisyrinchium campestre 0.0 0.0 221.5 409.3 0.0 0.0 12.8 15.3 
Solanum carolinense 4.5 4.4 3.8 3.0 0.5 0.9 0.6 0.9 
Solidago canadensis 282.4 196.6 115.3 107.2 135.5 91.4 53.1 71.9 
Solidago missouriensis 0.0 0.0 0.4 0.8 0.0 0.0 0.4 0.3 
109 
 
Supplementary Table 1 (Continued) 
 Old Field Pasture Reconstruction Remnant 
Scientific Name Mean SD Mean SD Mean SD Mean SD 
Solidago nemoralis 2.1 1.0 12.3 9.0 0.3 0.3 61.1 18.0 
Solidago speciosa 0.1 0.1 0.0 0.0 0.0 0.0 6.9 12.0 
Spranthes cernua 0.0 0.0 0.0 0.0 0.2 0.3 0.0 0.0 
Symphyotrichum ericoides 146.4 152.5 440.9 693.4 118.7 151.9 1232.4 762.1 
Symphyotrichum laeve 0.0 0.0 0.0 0.0 5.3 9.2 18.0 34.7 
Symphyotrichum lanceolatum 926.8 878.2 132.4 62.8 216.3 179.5 96.3 97.4 
Symphyotrichum novae-angliae 1.8 2.5 0.6 1.1 2.7 2.9 4.9 8.3 
Symphyotrichum oolentangiense 4.9 8.5 0.7 1.4 5.9 10.2 377.3 609.4 
Symphyotrichum spp. 1.4 2.8 0.0 0.0 0.0 0.0 0.5 1.0 
Taraxacum officinale* 13.0 12.1 12.8 18.3 9.8 8.8 0.0 0.0 
Teucrium canadense 1.3 2.1 1.2 2.2 0.1 0.1 0.6 0.8 
Thlaspi arvense* 13.5 26.2 0.9 1.9 0.0 0.0 0.0 0.0 
Tradescantia ohiensis 0.0 0.0 0.3 0.6 2.3 2.4 54.3 104.5 
Trifolium hybridum* 11.9 21.0 0.3 0.5 1781.3 2943.9 0.0 0.0 
Trifolium pratense* 143.9 271.3 49.7 43.4 160.2 140.0 2.3 4.5 
Trifolium repens* 0.7 1.4 20.1 24.4 3.2 4.0 0.0 0.0 
Triosteum aurantiacum 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 
Veratrum virginicum 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
Verbascum blattaria* 0.0 0.0 0.3 0.5 0.0 0.0 0.0 0.0 
Verbena hastata 0.0 0.0 0.4 0.9 0.3 0.4 0.0 0.0 
Verbena stricta 0.2 0.4 4.7 7.4 0.6 1.0 0.0 0.0 
Vernonia spp. 14.1 25.0 32.5 20.2 9.3 10.8 10.1 15.0 
Veronicastrum virginicum 0.0 0.0 0.3 0.5 0.0 0.0 5.3 10.5 
Viola pedatifida 0.0 0.0 0.6 1.3 0.3 0.4 5.1 5.5 
Viola sororia 0.0 0.0 2.6 5.1 0.0 0.0 0.3 0.4 
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Supplementary Figure 1:  Blooming periods for the 26 most common flowering species (species 
with >0.5% of the total number of inflorescences) ordered by first blooming date.  Each round is 
a two week interval beginning on May 3rd 2013, and ending on Oct 5th 2013.  Asterisks indicated 
species that are not native to the region.  Colors indicate the grassland type where each species 
was most abundant, but does not indicate significantly higher abundance.  See Supplementary 
Table 1 for the mean number of inflorescences for each species counted in each grassland type. 
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CHAPTER 6. GENERAL CONCLUSION 
This dissertation summarizes the complex responses of insects and plants to grassland 
composition, structure, and management in the tallgrass prairie ecoregion.  In Chapter 2 we 
attempted to identify indicator taxa by testing whether three insect groups (ants, butterflies, and 
leaf beetles) were correlated with each other in terms of species richness or community 
composition across an agricultural landscape with multiple grassland cover types and 
management practices.  We also investigated how community composition of the three insect 
taxa correlated with the composition of plants.  We found that the composition of the two 
phytophagous insect taxa (butterflies and leaf beetles) were positively correlated with the 
composition of vegetation when measured by plant functional group cover. Leaf beetle 
composition was also correlated with the composition of plant species. We did not, however, 
find cross-taxon congruence among the three insect taxa measured. Our results suggest that 
characteristics of the vegetation such as composition of plant species or plant functional groups 
could be useful predictors of composition of phytophagous insect groups in our region.  The 
strongest correlation from the study was between butterfly and plant functional group 
composition.  This led us to the conclusion that the manipulation of plant functional group 
composition could be a target for the restoration of butterfly composition.  
The findings from Chapter 2 provided the impetus for investigating how butterfly and 
plant functional group composition on novel grasslands changes over time in relation to 
reference communities when fire and grazing are used as restoration tools in Chapter 3.  In 
Chapter 3 we documented that the composition of butterflies and plant functional groups on 
novel grasslands became more similar to reference sites (high quality native prairies) over a 
seven year study period when managed with fire and grazed at a low stocking rate.  Our 
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secondary hypothesis that fire and grazing would reduce the cover of our dominant exotic 
species (tall fescue) was not realized.  We expected a reduction in tall fescue to be the primary 
driver of the changes we observed in composition.  However, we saw only a small change in the 
cover of tall fescue despite comparatively larger changes in terms of composition of butterflies 
and plant functional group cover.  The findings from Chapter 3 illustrate the potential for 
restoring historic ecological process (fire and grazing) to novel grasslands to improve habitat 
quality for butterflies and perhaps other taxonomic groups. 
The changes in butterfly composition observed in Chapter 3 were encouraging because 
previous work on insects (ants, butterflies, and leaf beetles) at these same pastures had found that 
abundance, richness, and diversity of these insect groups was better explained by the legacies of 
past land-use than the experimental treatments (Debinski et al. 2011). During the first three years 
of study, none of the taxa investigated by our project produced clear community-level 
differences among treatments for butterflies (Moranz et al. 2012) or plant functional group 
composition (McGranahan et al. 2012b).  However, in later years treatment differences began to 
emerge in terms of grassland obligate bird diversity (Duchardt 2014), and the structural 
heterogeneity of patch-burn grazed pastures was increased through adaptive management of 
stocking rates (Scasta 2014).  In light of the temporal trajectory observed in butterfly community 
composition (Chapter 3) and the recent findings related to vegetation structure and grassland 
obligate bird responses, we set out to test responses of butterflies to our grazing treatments over 
the last four years of our project in Chapter 4. 
In Chapter 4 we compared spatially heterogeneous application of fire and grazing to 
spatially homogenous application of fire and grazing (graze-and-burn).  We predicted that 
butterfly diversity would be increased on heterogeneously managed pastures as predicted by the 
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habitat heterogeneity hypothesis (MacArthur and MacArthur 1961, Huston 1994).  We first 
tested for differences in habitat heterogeneity by selecting three variables that were previously 
found to be good predictors of butterfly diversity in tallgrass prairie systems (vegetation height, 
cover of litter and bare ground, and cover of forbs and legumes).  We found that habitat 
heterogeneity was increased on the homogenously managed treatment for both vegetation height 
and the cover of litter and bare ground.  The butterflies did not respond in a similar manner 
however, and in fact had significantly lower Shannon diversity in the heterogeneously managed 
treatment.  Habitat heterogeneity is often proposed as integral for increasing diversity in 
restoration and conservation efforts (Fuhlendorf and Engle 2001, 2004, Benton et al. 2003, 
Fuhlendorf et al. 2009).  However, our results indicate that careful considerations and monitoring 
need to be employed before making broad assumptions on the effectiveness of heterogeneous 
management regimes for specific taxa.  In this case, we suspect that the scale of heterogeneity or 
the aspects of the habitat we measured may not be appropriate for increasing butterfly diversity.   
Additionally, the novelty of our grasslands in terms of their high proportions of exotic plant 
species (that could inhibit the fire grazing interaction) and primarily generalist butterfly 
community (that may be less affected by fire and grazing disturbances than specialist butterflies) 
may have contributed to our lack of predicted responses.  However, our data did not allow us to 
test these hypotheses. 
In Chapter 4 we also tested the secondary hypothesis that pastures that were not burned in 
their entirety would have a greater abundance, richness, and diversity of butterflies compared to 
pastures where fire was applied homogenously.  We predicted that butterfly abundance, richness, 
and diversity would be greater in the treatment where fire was applied heterogeneously because 
previous research in the tallgrass prairie ecoregion has demonstrated negative effects on butterfly 
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numbers from fire (Swengel 1996, 1998, Swengel et al. 2011) and has shown a benefit to 
providing unburned areas within a burn tract (Swengel and Swengel 2007).  However, we did not 
find higher abundance, richness, or diversity of butterflies in the heterogeneously burned pasture.  
Although previous research on the negative effects of fire management on butterflies has been 
compelling, some studies have also failed to show negative fire effects on butterflies or found 
varying responses by species (Panzer and Schwartz 2000, King 2003, Vogel et al. 2007, Moranz 
et al. 2012).  We note that our lack of detectable fire effects could be attributed the abundance of 
unburned grassland adjacent to our research sites, or that exotic plant species (e.g., tall fescue) 
and cattle grazing may affect the spread of fire, creating micro-refuges for butterfly eggs and 
larvae in the homogenously managed treatment. 
In Chapter 5 we examined how four types of grasslands (remnant prairie, reconstructed 
prairie, conservation grazed cattle pastures, and old fields) differed in their seasonal succession 
of floral resources.  We quantified the differences in the availability of floral resources among 
four grassland types throughout a growing season (May through October).  We found, remnants 
had the greatest richness and were most different from other grassland types in terms of 
composition. Reconstructed prairies had similar composition to remnant prairies only during the 
middle of the growing season.  Pastures were more variable in their turnover in species 
composition, and old fields had the lowest richness of flowering species.  Although the seasonal 
succession of flowering has been investigated previously in the tallgrass prairie ecoregion 
(Anderson and Adams 1981, Craine et al. 2012), including one study that presented results in the 
context of pollinator resources (Rotenberry 1990), to our knowledge we are the first to compare 
patterns among different types of grasslands. 
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The findings from Chapter 5 have great potential as a resource for refining grassland 
restoration strategies and conservation programs specifically aimed at improving pollinator 
habitat. These findings will also be beneficial for future research on seasonal succession of floral 
resources because most studies of such data span briefer sampling periods within a season.  For 
instance, we were able to detect significant differences among grassland types only at certain 
periods within a season, which illustrates the potential for incomplete conclusions to be drawn 
from studies with only a few discrete sampling periods. Given our results, we further recommend 
that future research on the temporal variability of floral resources should quantify how 
differences in patterns of seasonal succession among grassland types may differ from one year to 
the next. 
Conclusions 
This work highlights the value of novel grasslands as targets for conservation and restoration 
of pollinators, particularly butterflies, in agricultural ecosystems of the Upper Midwestern U. S.   
Insects that have tight associations with plants may benefit from restoration practices in novel 
grasslands that focus less on mirroring the plant composition of native grasslands and more on 
altering other aspects of the habitat such as the composition of plant functional groups.  
Restoration focused on creating physical structural heterogeneity of vegetation did not translate 
to increased butterfly diversity in our region.  This may indicate that future heterogeneity 
focused restoration efforts should focus on methods that better manipulate other aspects of the 
habitat that influence butterfly diversity such as plant composition or floral resources.  Our 
research also shows that novel grasslands such as old fields and conservation grazed cattle 
pastures are different from native remnant grasslands but still have high abundance and richness 
of floral resources.  Thus, novel grasslands are likely to provide adequate resources for many 
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pollinators and our research provides some insights on how management can further improve 
floral resources on these grasslands. 
Finally, it is necessary to point out that although we concentrate on the value of novel 
grasslands for conservation in agricultural ecosystems, the novel grasslands in this work 
consistently differed from native remnant grasslands in terms of their composition of butterflies, 
plant functional groups, and floral resources.  This indicates that novel grasslands are no 
substitute for a native remnant grasslands, and the continued protection of native remnant 
grasslands is essential for the persistence of our native grassland dependent insects. 
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